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ABSTRACT 
An Investigation of Bonding Mechanism in Metal Cladding by Warm Rolling. 
(December 2011) 
Wei Yang, B.S., Harbin Institute of Technology; 
M.S., Harbin Institute of Technology 
Chair of Advisory Committee: Dr. Jyhwen Wang 
Clad metals are extensively used for their multi-functionality and their optimal 
combination of quality and cost. Roll bonding is an effective and economic processing 
approach to making clad metals. This dissertation presents an experimental investigation 
of the roll cladding process as well as thermo-mechanical modeling of mechanism for 
roll bonding of clad metals. The objectives of this research are to investigate the bonding 
mechanism of dissimilar metals in a warm rolling process and to advance the knowledge 
of the roll cladding process. 
To accomplish the objectives, aluminum 1100 sheet (Al 1100) and stainless steel 
304 sheet (SST 304) are bonded by warm rolling under controlled conditions. The 180o 
peel test is used to determine the bonding property of those clad metals. The 
experimental results show that the rolling thickness reduction and the entry temperature 
are two major factors of bonding strength. Minimum thickness reduction at a particular 
entry temperature is required to bond Al 1100 and SST 304. Increasing of either 
thickness reduction or entry temperature significantly improves the bonding strength 
between the two metals. X-ray microanalysis is also performed to characterize the 
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diffusion state at the bonding interface. The diffusion coefficients of aluminum and iron 
are estimated through experimental method. 
A thermo-mechanical model was developed to describe the rolling plastic 
deformation of component metal sheets and the diffusion evolution during a roll bonding 
process of dissimilar metals. The effect of various rolling conditions on the contact area 
ratio was quantitatively discussed. Finite element simulation of 2-D diffusion under the 
rolling created boundary conditions was performed. The peel strength during the 
diffusion evolution was predicted by the integrated roll bonding model. The modeling 
predictions correspond to the experimental results well. The correspondence validates 
the effectiveness of the thermo-mechanical roll bonding model.  
Based on experimental observation, this research presents a bonding mechanism 
for the roll cladding process of dissimilar metals. The roll bonding model can help 
optimize rolling parameters for varying bonding strength depending on the demands of 
the application. It can also provide insights into design and analysis of rolling bonding 
process of other groups of dissimilar metal sheets.  
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CHAPTER I 
 
INTRODUCTION 
1.1 Background 
In modern industrial applications, composite materials are extensively used for 
their multi-functionality and for optimal combination of quality and cost. Clad metals are 
layered composites that can be manufactured in various forms such as plate, sheet, foil, 
tube, rod, wire etc. Functionalities from different clad metals can be integrated into 
structural, thermal expansion management, thermo-mechanical control, electrical, 
magnetic, corrosion resistant, joining and cosmetic applications  [1]. For example, in 
large scale, clad materials can be used in lightweight cladding applications to satisfy the 
thermal, fire and acoustic requirements of roofs and walls (Figure 1.1), and stainless 
steel clad aluminum is used as bumpers in automotives to fulfill the requirement of both 
strength and corrosion resistance (Figure 1.2); in small scale, clad metals can be used as 
bipolar plates of proton exchange membrane (PEM) fuel cell to lower the cost and 
improve the durability of PEM fuel cell stacks (Figure 1.3) by reducing the material and 
manufacturing costs for potential use in transportation applications. To integrate the 
advantages and avoid the disadvantages of two or more groups of materials (especially 
alloys), numerous research works on clad metals and cladding techniques have been 
conducted in both academia and industry. 
_____________ 
This dissertation follows the style of Journal of Manufacturing Science and Engineering. 
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Figure 1.1 Alcopanel/ FR - Aluminum composite panel fire resistant  [2] 
Rolling is one of the most commonly used manufacturing methods in metal 
industry, particularly for plate processing. It is always preferred in bonding dissimilar 
metal sheets with large area. Roll cladding (bonding) is a solid welding technique to join 
dissimilar metals which is widely used as a cost-effective manufacturing technology. 
This technique passes a stack of dissimilar metal sheets, plates or strips through a pair of 
rollers to achieve proper deformation that promotes a solid state bonding between the 
metal pieces. The roll cladding metals provide many advantages including: 1) the large 
area welding on the plate plane can be achieved cost-effectively; 2) roll cladding 
provides high production rate; 3) the multi-layer structure can be fabricated; 4) the 
bonding interface has a smooth continuity of material properties such as conductivity, 
stiffness and thermal expansion coefficient.  
Therefore, clad metals and the roll cladding process have been active research 
areas in the community of materials manufacturing and processing. The present research 
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is to investigate how the rolling initiates the metal bonding and how the bonding state is 
driven by thermal loading. The objective of the research is to investigate the bonding 
mechanism of dissimilar metals in a warm rolling process. 
  
Figure 1.2 Truck bumpers made of cladding metals  [3] 
 
Figure 1.3 PEM fuel cell plates made of cladding metals  [4] 
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1.2 Problem Description 
The major physical mechanism of roll bonding of metals in air ambient is solid-
state diffusion involving in the plastic deformation of metal substrate and the fracture of 
surface oxide film. Theoretically, the diffusion is determined by the thermal loading (i.e., 
temperature) and the loading time. In practice, the intimate contact condition needs to be 
achieved for bonding component metals through mechanical loading. In order to make 
diffusion components contact each other such that the atoms of the component metals 
are close enough to activate the atomic bond, the oxide film needs to be broken by 
sufficient plastic deformation and a normal force is necessary to extrude the exposed 
metal through the oxide crack and to push the atoms of the diffusion components 
sufficiently close. Therefore, the diffusion bonding of dissimilar metals requires both 
thermal loading and mechanical loading.  
1.2.1 Roll bonding processes 
In the rolling industrial, roll is generally divided in three categories  [5]:  
 
• Cold rolling: performing temperature  <  half of melting temperature in Kelvin 
• Hot rolling: performing temperature  >  half of melting temperature in Kelvin 
• Warm rolling: performing temperature beginning below and ending above half 
of melting temperature in Kelvin 
 
Warm rolling can provide an effective and economic combination of thermal 
loading and mechanical loading for metal diffusion bonding. Reheating treatment after 
warm rolling can make further diffusion and consolidate diffusion bonding.  
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Many investigations on roll regimes for metal bonding have been conducted 
during the last 20 years [6-11], but most of those regimes require crucial working 
environment of vacuum or approximate vacuum and the relationship between rolling 
regime parameters (such as reduction ratio, rolling temperature, rolling speed and 
roller’s size) and the effect of roll bonding process on the bonding property is not 
clarified yet. To establish the relationship between rolling parameters and roll bonding 
property, the roll bonding process of dissimilar metal sheets with controlled rolling 
parameters needs to be carefully developed. 
1.2.2 Bonding property characterization 
The property of the bonding interface is very important for the application of 
layered metals. The bonding interface formed in roll bonding process is a type of graded 
material with thickness in micron scale, and the mechanical property of the graded 
interface is determined by its chemical composition. The test of mechanical property of 
the graded interface in micron scale is challenging, while the overall bonding strength 
can be measured by conventional material tests such as peel test, shear test or tensile test. 
On the other hand, the chemical composition characterization of the bonding interface of 
clad metals is also challenging because of the non-homogeneity and the micron scale of 
bonding interface in thickness.  The test of the distribution of each element’s 
concentration in a diffusion zone involves in the quantitative analysis of chemical 
composition in submicron to few microns. The quantitative X-ray micro-analysis is an 
appropriate method to analyze chemical composition of elements with resolution of few 
microns. Up to date, the X-ray micro-analysis has been working on homogeneous 
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materials on its resolution scale  [12]. The effect of interaction of incident electrons with 
the target specimen needs to be addressed when X-ray microanalysis technique is used to 
characterize the graded bonding interface. 
1.2.3 Bonding mechanism 
The bonding mechanism is very important for the design and analysis of clad 
metals and for the development and optimization of a roll cladding process. In a roll 
bonding process, the superficial atoms of dissimilar metal sheets are forced into intimate 
contact by rolling pressure such that the atomic bond can be achieved. There are several 
possible bonding mechanisms that can explain the creation of the intimate contact of 
metal atoms, and many attempts have been made to explain how the bonding is 
improved after the atomic bond is achieved. Those proposed mechanisms involve film 
theory, energy barrier theory, diffusion theory and re-crystallization and so forth. Most 
of those bonding mechanism were proposed qualitatively. The quantitative description of 
roll bonding mechanism requires plenty of experiment observation and input data 
collection. It also needs advanced mathematical modeling and the corresponding solving 
techniques. Thus, few quantitative models of roll bonding process were reported. The 
quantitative description of roll bonding mechanism is still very challenging.    
1.3 Research Objectives 
The primary thrust of this research is to improve our understanding of the bonding 
mechanism for dissimilar metals in a warm rolling process. This study will enhance our 
capability in designing and analyzing the roll bonding process for multifunctional clad 
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metals. This dissertation will comprehensively investigate the roll bonding mechanism 
of dissimilar metals through experiments, analytical modeling and finite element 
simulations. The specific objectives are to 
1) bond aluminum 1100-O and stainless steel 304 sheets by warm rolling 
through a laboratory rolling mill and a furnace,  
2) evaluate the bonding strength of the bonded metal sheets under controlled 
processing parameters, 
3) develop a roll bonding model, considering the oxide film fracture and the 
exposed metal extrusion in a rolling process, to analyze the effect of these 
rolling parameters on the roll bonding process. 
4) obtain the diffusivity of the target materials for the diffusion bonding in a 
roll bonding process, 
5) establish the quantitative relationship between the processing parameters 
and the bonding state of the dissimilar metals to bond for the prediction of 
the bonding strength of clad metals in a roll bonding process.  
This research will improve the fundamental understanding of the bonding 
mechanism of dissimilar metals in a roll bonding process. These investigations will 
provide insights and guidance for the development of clad metals and the associated roll 
bonding process.  
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CHAPTER II 
 
LITERATURE REVIEW 
Clad metals and the roll cladding process have been extensively studied recently. 
Various roll bonding processes have been developed to make clad metals. The 
engineering properties of clad metals are characterized by different testing methods such 
as hardness test, lap tensile shearing test, peel test and so forth. Several bonding 
mechanisms have been put forward to analyze the bonding properties of clad metals. The 
state-of-the-art of the roll cladding processes, of the roll bonding property 
characterization and of the roll bonding mechanism is summarized in the following three 
sections.  
2.1 Roll Cladding Processes 
Rolling at a designed temperature and thickness reduction ratio can readily provide 
both thermal and mechanical loadings which are required by diffusion bonding. 
According to Fick’s law, high temperature increases the diffusion coefficient and thus 
makes diffusion bonding occur in an acceptable time. The reduction ratio in rolling not 
only drives the bonding component materials into an inter-atomic distance but also 
breaks the oxidation and contamination film by sufficient plastic deformation. Therefore, 
many researchers have been focusing on developing roll bonding techniques to weld 
metals. The bonding targets involve a wide range of alloys including both identical and 
different ones. 
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Figure 2.1 A typical roll cladding process 
Up to date, a lot of metals and alloys have been successfully bonded by rolling 
process [13, 14]. For example, aluminum, copper and stainless steel were bonded by 
continuously rolling [15, 16]. The overlay clad is commonly used in roll cladding 
process. The cladding materials could be either single layer or multiple layers  [17]. 
Based on the application of clad metals, the clad style could also be various inlays [18-
20]. For some hard-to-weld materials, the interlayer or intermediate layer is used to 
facilitate the roll bonding [21-25], such as the application of the nickel interlayer for the 
roll bonding of titanium alloy and stainless steel [25]. The roll cladding processes were 
developed successfully not only for flat sheets but also for wires, rods [26-29], bars [30] 
and tubes [31-34]. On the other hand, the rolling technique for metal bonding can be 
either symmetric (as shown in Figure 2.1) or asymmetric rolling such as cross shear 
rolling [8]. Even though various styles of stacking components and rolling techniques 
have been developed to bond dissimilar metal components, the underlying principle of 
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the roll bonding is the same. Generally, the basic roll cladding process in industry 
includes several sections as shown in Figure 2.2. From those roll bonding processes, it 
can be seen that, before roll bonding, the metal sheets need to be properly cleaned, such 
as abrasive grinding [15], and sometime need to be preheated to certain temperature. 
After roll bonding, the clad metals may need annealing to increase either the bonding 
quality or the formability  [35]. 
 
Figure 2.2 The schematic illustration of industrial roll bonding process line 
2.2 Evaluation of Bonding Property 
Experimental evaluation of the bonding property of clad metals is of significant 
importance for the development of clad metals and of the roll bonding process. In the 
perspective of investigating the roll bonding mechanism, the mechanical property and 
the chemical composition of the bonding interface are the fundamental basics which 
have been extensively studied recently.   
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2.2.1 Mechanical bonding property 
The mechanical property of the bonding interface in roll bonding structures needs 
to be characterized accurately if one wants to use roll bonding materials in crucial 
engineering applications. A lot of works have been done on the evaluation of the 
bonding strength and the formability of roll bonding materials. Most of them were 
performed through peeling test, shearing test, tensile test, nano-indentation and so on. 
 
Figure 2.3 Schematic illustration of various peel tests: (a) 180o peel test; (b) T-peel test; 
(c) wheel peel test 
Peel test is one of the commonly used testing methods for bonding property of clad 
metals. The schematic illustration of various peel tests are provided in Figure 2.3. The 
180o peel test is applicable to evaluate the bonding strength of dissimilar metal sheets 
with a hard substrate. The T-peel test is suitable for the peel test of bonding between the 
same materials with high flexibility. The wheel peel test can be used to measure the peel 
strength of curved specimens. Using a 180o peel test based on ASTM-D903 [36], 
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Eizadjou et al. [37, 38] evaluated the roll bonding between aluminum alloy strips by peel 
strength. Through T-peel test [39], Manesh and Haheri [35] investigated the mechanical 
properties of aluminum clad steel sheet. Pan et al [8] measured the bonding strength of 
cold roll clad sheets and cross-shear cold roll clad strips by wheel peel test (similar to 
ASTM-D3167 [40] and ASTM D1781 [41]).  
Actually, in ASTM standards, those peel tests are initially designed for the 
evaluation of the adhesive strength wherein the peeled layer is considered to be 
sufficiently flexible and thin such that the deformation dissipation of the peeled layer can 
be ignored. When the peel test is applied to evaluate the bonding property between metal 
sheets, the plastic dissipation plays an important role in the total peeling work [42-51]. 
Therefore, the apparent peel strength measured in peel test does not accurately identify 
the true peel strength. A peeling mechanics analysis is required to characterize the peel 
strength measurement in a peel test for bonded metal sheets.     
In nuclear industry, the shear test by pressing, as shown in Figure 2.4, is 
extensively used to examine the bonding property of clad steel plates for boilers and 
pressure vessels. The pressing shear test is a standard test method for shear bonding 
strength of stainless Chromium steel-clad plate  [52], stainless Chromium-Nickel steel-
clad plate  [53], Nickel and Nickel-base alloy-clad plate  [54], Copper and Copper alloy 
clad steel plate  [55], and reactive and refractory metal clad plate  [56], and so on. This 
test method is also preferred to evaluate the bonding property of clad bars and tubes. For 
example, Nakasuji et al  [30] evaluated the shear strength of a clad bar by rotary rolling 
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through a shear test by pressing. The cladding thickness for this shear testing is required 
to be more than 1.9mm [52-56]. For thinner cladding metal sheets, other testing methods 
are needed.   
 
Figure 2.4 Test specimen and method of making shear test of clad plate (Shear blocks 
shall be bolted firmly together against filler piece)  
The shear test by tension loading was also used to measure the roll bonding 
strength between aluminum and steel sheets  [57]. The schematic illustration of the 
tensile shearing test and test specimen is provided in Figure 2.5. According to ASTM 
standards [58-60], the reported shear strength of adhesives is considered as apparent 
shear strength due to the edge effect  [61]. Mechanical analysis of a particular tensile 
shearing test is required to achieve accurate shear strength of bonding. Another major 
problem of the tensile shearing test is that the thickness-t and the tensile strength-σu of 
the weaker layer as well as the length-L and shear strength-τb of target bonding section 
have to satisfy the condition: σu t > τb L. Otherwise, the weaker metal sheet will break 
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before the bonding fails. Due to the two drawbacks, the tensile shearing test is usually 
not preferred for the evaluation of the bonding quality of clad metals. 
 
Figure 2.5 Shear test of bonding strength by tension loading  
If the component layers of clad metals are sufficiently thick to make a tensile test 
coupon, the tensile test of bonding strength can be conducted directly. For example, Yan 
et al  [25] used tensile test to directly evaluate the roll bonding of titanium alloy and 
stainless steel using nickel interlayer; Kundu and Chatterjee  [62] examined the diffusion 
bonding between commercially pure titanium and micro-duplex stainless steel by this 
test method. In the tensile test of bonding property, the bonding interface is usually 
positioned in the center of the gauge length of a test coupon. 
The previously mentioned tests are bulk test method which is capable of 
evaluating the overall bonding properties of roll clad metals. If one wants to investigate 
the detail of the mechanical properties in bonding interface, microscopic or even nano 
scale test method is required. Nano-indentation is a methodology to measure the 
mechanical properties of materials by monitoring the indenter’s continuous response  
 15
 
Figure 2.6 Schematic illustration of nano-indentation 
 
 
 
Figure 2.7 A typical force-displacement curve of nano-indentation (Pmax-the peak 
indentation force; S-initial unloading stiffness) 
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when an indentation on the surface of a specimen is applied and the loading is released 
[63, 64]. The schematic illustration of a nano-indentation is provided in Figure 2.6. The 
typical loading-displacement curve is shown in Figure 2.7. The typical measurements 
provide hardness, reduced modulus, and indentation work  [65]. Micro-hardness test was 
applied to examine the bonding interface property of clad metals [11, 62]. But the 
hardness does not provide sufficient evaluation of the bonding property for engineering 
application of clad metals. For a better resolution of mechanical property measurement 
of graded bonding interface, nano-indentation is a possible approach. However, the 
theoretical framework for extraction of elasto-plastic properties of materials from nano-
indentation on the cross section of graded materials is lacking. On the other hand, the 
bonding interface of clad metals could be as thin as a submicron. Considering the 
dimension of the strain field around indentation is larger than the indentation dimension, 
the nano-indentation test of the detailed properties of the graded bonding interface 
requires nano scale indentation probe. 
Those material testing methods can provide the measurement of the overall 
bonding strength of clad metals. A particular test method is chose based on diversified 
cladding structural properties such as the thickness ratio of component layers or bonding 
strength. The tensile shearing test could measure the shear strength of the bonding 
directly, but this test requires that the component layer is sufficiently strong to hold the 
loading to break the bonding, and the test coupon is difficult to prepare if component 
layers are very thin. If one of the component layers is flexible or the thickness is 
relatively small, a peel test is preferred to evaluate the bonding strength. Even though 
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peel test is not able to test very high bonding strength, it is commonly used to test the 
bonding or adhesive strength because it is relatively easy to make such a test coupon and 
to control the testing operation. 
2.2.2 Chemical composition analysis of roll bonding interface 
The experimental techniques for studying chemical composition in microscopic 
material region include secondary ion mass spectrometry (SIMS), X-ray microanalysis, 
auger electron spectroscopy (AES), Rutherford backscattering (RBS), nuclear reaction 
analysis (NRA) and nuclear magnetic relaxation (NMR)  [66]. Among these methods, X-
ray microanalysis is commonly used to investigate the bonding interface of clad metals 
[1, 10, 11, 25, 62, 67]. The technique can be combined with a scanning electron 
microscope (SEM), and the investigation can be facilitated by line-scanning function in 
the system. 
The wavelength dispersive spectroscopy (WDS) is one of the X-ray microanalysis 
methods. The analysis technique can provides fundamental quantitative compositional 
information for various solid materials. Energy dispersive X-ray spectrometry (EDS or 
EDX) [68, 69] is another X-ray microanalysis method generally used for qualitative 
analysis of chemical composition  [70]. Although EDS has a low energy resolution that 
results in a lower accuracy compared to WDS  [12], it has also been used for quantitative 
analysis. Despite the ease of using these automated systems, it is critical to realize that 
careful interpretation of the results is still required  [71]. To investigate the chemical 
composition distribution across a graded interface, such as the diffusion zone of clad 
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metals, EDS or WDS line scanning is frequently employed [1, 10, 11, 25, 62, 67]. The 
electron and X-ray interaction with the target samples, however, has not been addressed 
in these studies. Specifically, the X-ray absorption and fluorescence effect could lead to 
misinterpretation of diffusion state. As the accuracy of X-ray microanalysis also depends 
on the working condition of electron beam such as the beam voltage and current, the 
electron beam setting also need to be carefully specified. As such, it may not be 
appropriate to consider the X-ray intensity data as the quantitative chemical composition 
as suggested in some earlier work [10, 11, 25, 62, 67]. In X-ray microanalysis, matrix 
correction is required to convert X-ray intensity data to chemical composition. For non-
homogeneous materials such as a graded bonding interface, matrix correction needs to 
consider the electron-specimen interaction effect [72, 73]. 
2.3 Roll Bonding Mechanism 
As mentioned previously, clad metals have been extensively developed and 
applied in industry. However, the general mechanism for the roll bonding process of clad 
metals is still unclear. Many qualitative bonding mechanisms were proposed to explain 
the bonding of roll clad metals, but very few quantitative physical models can be found 
in either academia or industry. It is still challenging to estimate the bonding property 
using rigorous models, especially for bonding dissimilar metals.  
Through the experimental observations of the roll bonding of identical metal 
sheets (Al, Cu, Pb, Sn, and Zn), Vaidyanath et al. [74, 75] proposed a roll bonding 
model in terms of shear strength: 
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 ( )2B
m
R Rττ = −  (2-1)
 
where τB is the bonding shear strength, τm is the metal shear strength and R is the  
thickness reduction in the composite. This model considers the intimate contact of 
exposed metals between oxide film fragments and takes account of the triaxiality of 
stressing. It assumes that the faying oxide films stick to each other and thereby break up 
as one in rolling process, as their experiment observation suggests in Figure 2.8.  
 
Figure 2.8 Interface of a bond between two anodized aluminum surfaces [75] 
 
 
Nevertheless, Mohamed and Washburn [76] proposed another model for solid state 
pressure welding based on the assumption that the oxide films from the two surfaces 
fracture independently. As shown in Eq. (2-2), they introduced a proportionality constant 
C related to surface roughness.  
 2B
m
CRσσ =  (2-2) 
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where σB and σm are the tensile strength of the bond and the base metal respectively. 
Through the investigation of the pressure welding in polycrystalline aluminum, copper, 
silver and gold, the role of the oxide film was studied and it was found that no metal to 
oxide bonding attributes to the strength of the weld. They also suggested that the 
different weldability of different metals results from differences in stacking fault energy, 
relative hardness of the metal and its oxide film, and plastic properties of the oxide. 
Based on Vaidyanath’s model, Wright [77] considered contaminant barriers 
besides the brittle scratch-up layers. The bond area ratio thus can be reformulated as: 
 
1
1
1
f
t
R
R
R
−⎛ ⎞= − ⎜ ⎟−⎝ ⎠  (2-3) 
where Rt is the threshold thickness reduction for bonding and Rf is the final thickness 
reduction. On the other hand, considering the fact that the bond strength of aluminum is 
higher than that of the solid metal when the deformation is above 60% and that the bond 
strength of zinc is higher than that of the solid metal when the deformation is above 70% 
[74], Wright also introduced an empirical hardening factor H. Then Vaidyanath’s model 
was extended to: 
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⎛ ⎞−⎛ ⎞⎜ ⎟= − ⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
 (2-4) 
In the previously mentioned models, the bonding strength of local bonded areas is 
assumed to be the strength of the base metal. According to Conrad’s experimental 
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investigation [78], the cohesive strength of fcc metals (Ag, Al, Cu and Ni) by cold 
welding increases with the compressive load, not necessarily equal to the strength of the 
metal. The cohesive strength is directly proportional to the fracture stress of the metal 
and the cohesion coefficients ranged from 0.62 to 1.15. Based on Conrad’s results, Bay 
[79] assumed that the stress necessary to break the bonds is equal to the maximum 
applied compressive stress pA on the virgin metal surface. Bay [80-84] also considered 
the surface of metals consists of the brittle cover layer formed in scratch-brushing and 
the contaminant film of oxides and water vapor. Then he proposed a combined theory 
for the weld strength: 
 ( )2 2 '1 1 'B EF Fm m m
p p Y Y pY
Y
σ ψ ψσ σ σ
− −= − + −  (2-5) 
where ψF is the fraction of film layer to total area; Y is surface exposure of weld 
interface surface; Y’ is threshold surface exposure for contaminant film; p is the normal 
pressure at base metal surfaces; pE is the extrusion pressure required to extrude the 
expose metals through the oxide crack to contact each other.  
Based on the cold pressure welding model, Bay used slab method to calculate the 
pressure distribution in roll gap and developed a cold roll bonding model [85] by 
applying the pressure distribution in Eq.(2-5). In this model, Bay et al also considered 
the strain hardening and the friction between component layers. It is the first time that 
the pressure distribution in roll gap is introduced in a roll bonding mechanism. But the 
extrusion pressure and the threshold surface exposure for contaminant film still needs to 
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be determined through experiments. Thereafter, Zhang and Bay [86-88] performed 
extrusion analysis of exposed metals and calculated the extrusion pressure. They also 
analyzed the pressure distribution in roll gap for dissimilar metals rolling by slab method 
and extended the previous model to a roll bonding model of dissimilar metals, although 
this model was not able to include the strength of the harder metal.  
Recently, Yan and Lenard [89] studied the warm and cold roll bonding of an 
aluminum alloy and found that the shear strength of the bonds increases as the 
temperature and the interfacial pressure are increased. They proposed that an activation 
energy Qb is required for bond formation and the dependence of the bonding strength on 
entry temperature follows an Arrhenius type relation: 
  exp bB
m
Q
RT
τ
τ
⎛ ⎞= −⎜ ⎟⎝ ⎠  (2-6) 
where R is the universal gas constant and T is the entry temperature in K.  
Through those bonding models, it can be seen that the roll bonding mechanism 
involves many factors in the surface preparation, the rolling process and the post heat 
treatment. For cold roll bonding of identical metals, the cover layer fracture and the 
exposed metal extrusion are the widely accepted bonding mechanism and the 
corresponding theoretical models were developed without consideration of the 
temperature effect. In most of those models, the brittle cover layers on the opposing 
surfaces were considered to stick together and break up as one, as shown in Figure 2.9. 
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This postulation does not necessarily apply to the roll bonding of dissimilar metal sheets. 
As discussed in previous section, the roll bonding of dissimilar metals usually requires 
the facilitation of thermal loading. The temperature effect on the roll bonding of metal 
sheets is not well understood yet. The roll bonding of dissimilar metal sheets at certain 
temperature also involves the bonding state evolution after the intimate contact of the 
extruded metals. Considering those factors, the roll bonding mechanism for dissimilar 
metal sheets was still not clearly defined.  
 
Figure 2.9 Schematic illustration of the fracture of the brittle cover layers and the 
extrusion of the exposed metals during roll bonding process 
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CHAPTER III 
 
ROLL BONDING OF DISSIMILAR METALS AND EVALUATION OF 
BONDING PROPERTY 
3.1 Introduction 
In this chapter, design of experiment is conducted for roll bonding of dissimilar 
metal sheets and the warm roll bonding of aluminum 1100-O and stainless steel 304 is 
performed according to the design matrix. The bond strength of roll bonded metal sheets 
under varying rolling conditions is determined by 180o peel test. The plastic dissipation 
of peeled metal sheet is considered for characterizing the peel strength. The improved 
evaluation of the bonding strength by peel test is obtained. Based on the experimental 
results, the effects of rolling conditions including the rolling thickness reduction, the 
entry temperature and the reheating treatment are discussed. 
3.2 Experiments and Materials 
Three layers of metal sheets are bonded by warm rolling through a laboratory 
rolling mill. The top and bottom layers are Aluminum 1100-O and the middle layer is 
stainless steel 304. Aluminum 1100-O sheet is abbreviated by Al 1100 in this context 
and stainless steel 304 sheet by SST 304. The melting temperature and the chemical 
composition are provided in Table 3.1 [90, 91]. The thickness of Al 1100 is 1.60 ± 0.08 
mm (0.063 ± 0.003 inch) and that of SST 304 is 1.52 ± 0.18 mm (0.060 ± 0.007 inch). 
The top Al 1100 sheet and the SST 304 sheet are cut into 76mm×20mm (3 in×0.8 in) 
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and the bottom Al 1100 is cut into 152mm×20mm. The surface condition of one side of 
SST 304 is #8 Mirror-like Finish and the surface condition of the other side is as-rolled. 
The #8 Finish surface of SST 304 faces the bottom Al sheet when the three layers of 
sheets are stacked.  
Table 3.1 Melting temperature and chemical composition of SST 304 and Al 1100 
Alloy  Melting  Point: Ԩ  
Composition: wt %  
Fe  Cr  Ni  Al  Cu  Mn  Others 
SST 304 1400-1455 65-75 18-20 8-11 - - <2 BAL 
Al 1100  643-657 - - - >99 0.05-0.2 <0.05 BAL 
 
The flow chart of the roll bonding process is demonstrated in Figure 3.1. The 
surface of Al 1100 was grinded by 400 grit aluminum oxide cloth sanding sheet, and 
both of the Al 1100 sheet and SST 304 are cleaned by ethanol and dried in air before 
they are put into furnace. The cleaned Al 1100 and SST 304 are stacked in the order of 
Al-SST-Al and then preheated in furnace at the designed temperature for 30 minutes. 
The stacked Al-SST-Al is rolled right after it is taken out of the furnace such that the 
difference between the preheated temperature and the entry temperature is insignificant. 
After the stacked Al-SST-Al specimens are bonded by warm rolling, some of the 
specimens are reheated in furnace at certain temperature for certain time to investigate 
the effect of reheating treatment. 
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Figure 3.1 The flow chart of roll bonding process of sandwich sheet  
Among roll bonding conditions, the entry temperature, the thickness reduction, the 
reheat temperature, and the reheat time are controlled at various values through the 
experiment design approach [92, 93]. The entry temperature and reheat temperature are 
set to be the same. The angular speed of rolls is fixed at ω=π/5 rad/s and the radius of 
rolls is 41mm. Therefore, the factors in design of experiment are temperature, thickness 
reduction ratio, and reheating time. The factors and levels are provided in Table 3.2. Peel 
testing is performed on each of those roll bonded sandwich sheets Al-SST-Al by 
controlled roll bonding conditions. The bonding property of sandwich sheet is 
characterized by peel strength (or peel surface energy release rate G). According to the 
factors and their levels, there are 27 runs in the design of experiment. The designed 
replication number of each run is four. The design matrix is illustrated in Table 3.3.  
 
Surface 
Cleaning 
Roll 
Diffusion 
Reheating 
Products 
Raw 
Materials 
Pre- 
heating 
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Table 3.2 Factors and levels 
Factor 
Level 
0 1 2 
A. Temperature (Ԩ) 240 280 320 
B. Thickness Reduction r0 r0+10% r0+20% 
C. Reheating Time (minute) 0 t0 2 t0 
 
 
 
                                             Table 3.3 Design matrix 
Run Factor A B C 
1 0 0 0 
2 0 0 1 
3 0 0 2 
4 0 1 0 
5 0 1 1 
6 0 1 2 
7 0 2 0 
8 0 2 1 
9 0 2 2 
10 1 0 0 
11 1 0 1 
12 1 0 2 
13 1 1 0 
14 1 1 1 
15 1 1 2 
16 1 2 0 
17 1 2 1 
18 1 2 2 
19 2 0 0 
20 2 0 1 
21 2 0 2 
22 2 1 0 
23 2 1 1 
24 2 1 2 
25 2 2 0 
26 2 2 1 
27 2 2 2 
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(a) Picture of an ongoing peel test 
 
 
(b) The folded section of peeled metal sheet in 180o peel test. 
Figure 3.2 A 180o peel test of roll bonded metal sheet  
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The test method is developed according to the standard test method ASTM 
D903  [36] and the work by Eizadjou et al [37, 38, 94]. The peel strength and the folding 
curvature are determined in peel testing. The peel strength is defined by the average load 
per unit width of the bond line required to separate progressively one member (Al 1100) 
from the other (SST 304) over the bonded surface at a separation angle of approximate 
180o. The cross head moving speed is set to be 2 inch/min. Since the stiffness of SST 
304 is very high (the elastic modulus of SST 304 is 193GPa), SST 304 and the bottom 
layer of Al 1100 work as a backing material and no extra backing material is applied. All 
the peel tests are performed on tensile testing machine from Tinius Olson Material 
Testing Machine Company. A testing of roll bonded sandwich sheet and the peel test 
configuration are illustrated in Figure 3.2. In order to obtain measurable peel strength by 
peel test, the thickness reduction r0 is set to be 10% for roll bonding at temperature 
320Ԩ (i.e., the three levels of the thickness reduction are 10%, 20% and 30%), 20% for 
roll bonding temperature 280Ԩ, and 30% for roll bonding temperature 240Ԩ. Similarly, 
at the lower temperature 240Ԩ, the reheating time is set to be t0=60 min, while at the 
higher temperatures 280Ԩ and 320Ԩ, the reheating time is set to be t0=15min. 
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3.3 Peeling Mechanics Modeling and Analysis 
Peel test is usually used to measure the adhesive strength of thin tape on a 
substrate. ASTM D903  [36] is designed to determine the comparative peel or stripping 
characteristics of adhesive bonds by 180o peel test. Since the adhered tape is relatively 
thin to the substrate and it is very compliant, the effect of the thickness of tape on peel 
strength is ignored in peel test. Recently the 180 o peel test is applied to characterize the 
bond strength between metal sheets [37, 38, 94]. In this case, the thickness of the metal 
sheet is much thicker and thus the plastic deformation dissipation of peeled metal sheet 
plays important role in the total peeling energy. The conventional peel strength in ASTM 
D903 cannot accurately represent the bonding property. In our experiment, it is found 
that the peeled metal sheets have different curvature with respect to different metal sheet 
thickness and different bonds. Therefore, the curvature and thickness of peeled metal 
sheet should be reported and the effect of metal sheet’s property should be considered in 
a peel test for metal sheets with certain thickness. 
Considering the energy conservation law during the peeling test, the following 
equation is derived: 
 W=E+K+S  (3.1) 
where W is the work performed by the applied load, E is change of the internal energy 
and K is the change of kinetic energy of the body, and S is the energy used for separating 
the bonded metal sheets. 
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The internal energy change E is composed of elastic strain energy Ue and plastic 
work Up, thus 
 E=Ue+Up (3.2) 
The surface energy release rate during the metal sheet peeling is  
  
SG
A
∂= ∂  (3.3) 
where A is the released surface area. 
In the peel test, the velocity of the loading end is 2 in/min (the peeling speed is 1 
in/min). The velocity is so low that the kinetic energy of peeling test is insignificant. It is 
approximated by: 
 K ≈0 (3.4) 
The 180o peel test for the metal sheet bonding is shown in Figure 3.2-(a). The 
folding section of peeled metal sheet is illustrated in Figure 3.2-(b). When the peeling 
goes to steady state, the peel force tends to be a constant value. So the external work is  
 W=2Pvt (3.5) 
where P is the peeling force, v is the peeling speed (note that the velocity of the loading 
end with the peeling force P is 2v in a 180o peel test.) and t is the loading time. 
Then the Eq. (3.3) becomes 
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where b is the width of the bonded metal sheets.  
Next, the equations are developed to describe how the internal energy changes 
with respect to the peeling area in the peeling process. 
 
Figure 3.3 Schematic diagram of peeling test of bonded metal sheet. 
The schematic illustration of the folding section in a 180o peel test is provided in 
Figure 3.3. We define the material coordinate (x, y, z) with x in the longitudinal direction 
and y in the thickness direction. The dash line shows the neutral axis of the metal sheet. 
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To simplify without loss of generality, it is assumed that the folding section has a 
constant radius of curvature R. Accordingly, the following relationship is obtained: 
 2R=H – h (3.7) 
At the neighborhood (with the length dx) of the peeling edge, the flat peeling sheet 
is bended to a curve with a radius of curvature R when the peeling is happening. The 
internal energy increase through the plastic deformation dissipation is EI+EIII, as shown 
in Figure 3.3. At the same time, the top arc (with the arc length dx) of the folding section 
is straightened from a curve with the radius of curvature R to a flat sheet. The internal 
energy increase is EII+EIV, as shown in Figure 3.3. The total internal energy change E for 
generating the peeled sheet dx in this peeling process is equal to the work used to bend 
the same sheet dx to a curvature κ =1/R and then to bend it back to flat shape, as show in 
Figure 3.4. The internal energy density change components, eI, eII, eIII, and eIV, are 
illustrated by the stress-strain curves in Figure 3.5. 
 
Figure 3.4 Schematic illustration of equivalent internal energy change of peeling test of 
bonded metal sheets 
 The internal energy change component EI can be derived by integrating the plastic 
deformation dissipation through the corresponding deformed material: 
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Then the corresponding energy change rate with respect to the released area is: 
 ( )( ) ( )( )/ 2 2
0 0
1 1
2 2 2
h yI I
I I
E E d y dy
A b x C
ε σ ε ε σ ε∂ ∂ ⎡ ⎤⎡ ⎤= = −⎢ ⎥⎣ ⎦∂ ∂ ⎣ ⎦∫ ∫  (3. 9) 
 
Figure 3.5 The schematic illustration of internal energy change of peeling test of metal 
sheet via stress-strain curve 
where C is Young’s modulus and σi is flow stress in corresponding region ( i=I, II, III, 
IV). Similarly 
 ( )( ) ( )( )/ 2 0 201 12 2
hII
II IIy
E d y dy
A Cε
σ ε ε σ ε∂ ⎡ ⎤⎡ ⎤= −⎢ ⎥⎣ ⎦∂ ⎣ ⎦∫ ∫  (3.10) 
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Then, the total internal energy change rate can be derived in the following: 
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 (3.13) 
According to the Euler-Bernoulli beam theory, the normal strain of the peeled 
metal sheet due to bending is 
 xx
y y
R
ε κ= =  (3.14) 
where R is the radius of curvature and κ is the curvature of the folded section of the 
peeled metal sheet.  
If the metal sheet is considered as an elastic-perfect plastic material with Young’s 
modulus C and yield stress σY, Eq.(3.13) can be explicitly expressed as: 
 36
 
2
2
2
2
0,                                             when             
2
1 ,         when 2
2 4 2
1 5 3 ,      when          2
2 2 2
Y
Y Y
Y Y Y
Y
Y Y Y
h
R C
E h hR h
A R C R C
h hR h
R R C
σ
σ σσ ε ε
σσ ε ε
⎧⎪ ≤⎪⎪ ⎛ ⎞∂ ⎪= + − ≤ ≤⎨ ⎜ ⎟∂ ⎝ ⎠⎪⎪ ⎛ ⎞⎪ + − >⎜ ⎟⎪ ⎝ ⎠⎩
 (3.15) 
Substituting Eq.(15) into Eq. (3.6), the peel surface energy release rate G during a 
peel test of the metal sheet can be determined by the inputs of P, b, σY, C, h, and R. Here 
εY= σY/C. 
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 (3.16)
 
Note that the P and R should be functions of G and the peeling speed v. Here v is set to 
be constant 1 in/min and R is measured for each peel test. 
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3.4 Results 
A typical curve of peel force versus peel distance and the separated metal sheets in 
a peel test of the roll bonded sandwich metal sheet are illustrated in Figure 3.6. 
According to ASTM D903, the peel strength is determined by dividing the average 
stable peel force by the width of the bond line. As shown in Figure 3.6, the solid black 
line represents the average of the stable peel force. Since the plastic dissipation has 
significant contribution to the peel strength defined above, the peel strength is denoted as 
“nominal peel strength”. 
 
Figure 3.6 Typical curve of peel force versus peel distance 
 The peel surface energy release rate G characterized by the proposed model Eq. 
(3.16) is provided in Table 3.4. G is actually the indication of the true peel strength of 
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bonded metal sheets which excludes the plastic dissipation during metal sheet’s peeling. 
The effect of the thickness reduction ratio and the entry temperature on the peel surface 
energy release rate G of the roll bonded sandwich sheets is demonstrated in Figure 3.7.  
Table 3.4 Characterized bonding property after excluding the plastic dissipation 
Run G (× replication 4) kJ/m2 (N/mm) 
Gavg 
N/mm s 
1 1.92 2.46 - - 2.2 0.4 
2 1.19 1.26 0.89 - 1.1 0.2 
3 1.51 1.01 1.98 1.65 1.5 0.4 
4 5.03 5.74 5.95 4.53 5.3 0.7 
5 4.71 3.92 4.74 4.04 4.4 0.4 
6 5.24 7.77 6.30 6.47 6 1.0 
7 19.44 20.31 21.3 - 20.4 0.9 
8 15.78 11.57 17.74 - 15 3.2 
9 22.80 18.32 26.53 - 23 4.0 
10 4.44 3.68 4.59 4.90 4.4 0.5 
11 3.42 3.85 3.66 - 3.6 0.2 
12 4.45 3.74 4.08 3.73 4.0 0.3 
13 7.64 10.59 8.83 - 9 1.5 
14 6.53 6.35 6.67 - 6.5 0.2 
15 11.09 10.11 6.83 6.68 9 2.3 
16 19.99 19.89 17.5 - 19 1.4 
17 15.56 15.95 13.78 - 15 1.2 
18 13.07 12.89 14.73 10.30 13 1.8 
19 4.81 1.90 2.83 1.68 3 1.4 
20 2.68 2.06 1.60 1.78 2.0 0.5 
21 8.36 11.38 14.11 8.86 11 2.6 
22 10.01 8.24 9.39 9.43 9.3 0.7 
23 13.99 17.87 12.96 16.34 15 2.2 
24 24.07 21.35 25.51 21.40 23 2.1 
25 24.08 23.08 26.82 - 25 1.9 
26 19.12 21.96 20.88 18.65 20 1.5 
27 33.65 22.74 25.35 22.30 26 5.3 
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Figure 3.7 Peel strength of roll bonded sandwich sheets Al-SST-Al under various rolling 
conditions 
It can be seen from Figure 3.7 that the bond strength by rolling increases as the 
entry temperature or the thickness reduction ratio increases. It can also be observed that 
the dependence of G on thickness reduction ratio rt and entry temperature T is convexly 
non-linear. The threshold thickness reduction for roll bonding decreases as rolling 
temperature increases. The G curve of roll bonded Al/SST/Al at 240oC in Figure 3.7 
indicates that the threshold thickness reduction ratio for roll bonding is about 30%. 
Similarly the minimum thickness reduction ratio for roll bonding of Al-SST-Al at 280oC 
is expected at about 13% and that at 320oC is expected at about 7%.  
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(a) 
Figure 3.8 Peel strength of roll bonded sandwich sheets Al/SST/Al versus reheating time 
in different thickness reduction, (a) reheating temperature 320Ԩ; (b) reheating 
temperature 280Ԩ; (c) reheating temperature 240Ԩ 
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(b) 
 
 
 (c) 
Figure 3.8 continued. 
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The dependence of G on the reheating time at different temperatures is illustrated 
in Figure 3.8. It indicates that, generally, the peel strength decreases first, and then 
increases in longer reheating time. The peel strength decrease-and-increase trend takes 
shorter time at higher temperature and lower rolling thickness reduction. For example, 
under 20% rolling thickness reduction, the peel strength at reheating temperature 280 °C 
becomes lower in 15 minutes and higher in 30 minutes, while the peel strength at 
reheating temperature 320 °C increases in both 15 minutes and 30 minutes which 
indicates that the decrease of the peel strength occurs within 15 minutes. At reheating 
temperature 320 °C, the peel strength under thickness reduction 30% experiences 
decreasing in 15 minutes and increasing in 30 minutes, while the peel strength under 
thickness reduction 20% experiences decreasing within 15 minutes. On the other hand, 
at reheating temperature 280 °C, the peel strength at rolling thickness reduction 30% 
experiences decreasing in 15 minutes and then increasing in 30 minutes, while the peel 
strength at rolling thickness reduction 40% experiences decreasing in all 30 minutes, 
which indicates that the peel strength increasing may occur in more than 30 minutes. In 
order to verify this deduction, a roll bonded metal sheet under 40% thickness reduction 
was reheated at 280 °C for 60 minutes and the result does show greater peel strength 
than that under 30 minutes reheating treatment, as shown in Figure 3.9. 
It can also be noted that the final increase of peel strength is greater at low rolling 
thickness reduction and high temperature. As shown in Figure 3.8-(a), at heating 
temperature 320 °C, the peel strength is increased by 8 N/mm (267%) at rt =10%, and by 
13.7 N/mm (147%) at rt =20%. However, the increase of peel strength is not significant 
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under the rolling thickness reductions 20% and 30% at the entry temperatures 280°C 
(see Figure 3.8-(b)) as well as under the rolling thickness reduction s 30% and 40% at 
the entry temperature 240°C (see Figure 3.8-(c)).    
 
Figure 3.9 Peel strength of roll bonded sandwich sheets Al/SST/Al under different 
reheating treatment time (T=280oC, rt =40%) 
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3.5 Discussions 
3.5.1 Plastic deformation in peel test 
In a peel test of metal sheet or strip with certain thickness, the plastic deformation 
dissipation is significant. The characterization of peel surface energy release rate in a 
peel test of clad metal shows that the plastic dissipation has dependence on the bonding 
property G, the flow stress σY and the thickness of peeling sheet h. The radius of 
curvature R in Eq.(3.15) actually also depends on bonding property G, the flow stress σY 
and the thickness of peeling sheet h. It can be measured in the peel test although it is not 
solved explicitly. The relation between (∂S/∂A) / (∂W/∂A) and ∂S/∂A, which is the 
relation between G / (P/b) and G in this particular case, is depicted in Figure 3.10. It 
indicates that plastic dissipation depletes more of the total work-W when the bonding-G 
is weak. As the bonding improves, the plastic dissipation takes less part of the total work. 
But it is still worthy to point out that the error can still reach more than 30% even though 
the bonding is as high as 26 N/mm in terms of G. Therefore, not only the nominal peel 
strength, but also the thickness of peeling sheet and the radius of curvature of the folding 
section need to be recorded in a peel test of metal sheets. Peel surface energy release rate 
G, rather than nominal peel strength (P/b), should be reported to determine the bonding 
property in a peel test of metal sheet with certain thickness. 
In the four replications for the experiment runs 7, 16 and 25, the failure of the Al 
sheet instead of the bonding interface happens among some of those peel tests. 
Considering the bond strength increases under higher entry temperature and greater 
thickness reduction ratio (as shown in Figure 3.7), more favorite roll bonding conditions 
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Figure 3.10 The peel surface energy release ratio w.r.t. total peel energy versus surface 
energy release rate G 
(such as 30% thickness reduction at entry temperature 400oC, 40% thickness reduction at 
entry temperature 320oC and 50% thickness reduction at entry temperature 280oC) are 
applied to achieve stronger bond. All the peel tests for the stronger bonds yield the 
failure of the Al sheets. The failure of Al sheet indicates that the bonding is too strong to 
be measured by the 180o peel test because the bonded Al sheet would break before the 
peeling takes place at the bonding interface. Madaah-Hosseini and Kokabi  [95] had the 
same observation in T-peel testing for cold roll bonding of 5754-aluminum strips.  
The failure of the Al sheet has two types of modes as shown Figure 3.11. One 
failure mode is shown in Figure 3.11-(a) where the Al sheet fractures at the unfolding 
section; the other mode is shown in Figure 3.11-(b) where the Al sheet fractures at the 
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peeling root. From the Figure 3.11-(b), it can also be seen that the middle section of Al 
sheet breaks at first. It indicates that the middle part of Al sheet was bonded more 
strongly to SST than the edge sections. Similar phenomenon was observed for the cold 
roll bonding of aluminum and the cold roll bonding of copper [74, 75]. Vaidyanath et al. 
found that the threshold deformation is the same throughout the width even though the 
bond strength develops less readily towards the edge. They concluded that the bond 
strength variation across the width is because the bond development is pressure sensitive. 
Considering the heat convection in a warm roll bonding process, it is believed that one 
of the reasons could be that the center temperature is higher since the edge area loses 
heat faster in the rolling process. This effect can be reduced in industrial strip rolling 
process by using edge heater.  
          
(a)                                                 (b) 
Figure 3.11 The fracture modes in peel test of roll bonded metal sheets with strong bond
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3.5.2 Bonding strength function as thickness reduction and entry temperature 
The experimental results of peel surface energy release rate G show that the 
bonding strength is improved by increasing the thickness reduction ratio. The 
dependence of the bonding strength on the thickness reduction ratio, as shown in Figure 
3.7, can be explained by the creation of the bond area through the oxide film fracture and 
the exposed metal extrusion. In the roll bonding process, the thickness reduction of metal 
sheets leads to serious plastic longitudinal extension. Considering the brittleness of oxide 
film on metal surface, it is believed that the thickness reduction breaks the oxide film 
and hence exposes the underlying metal. Under the rolling pressure, the underlying 
metals extrudes through the crevice between oxide film fragments. With the sufficient 
thickness reduction, the extruded metals from adjacent layers will have intimate contact 
with each other and the atomic metal bond will occur. In this point of view, high 
thickness reduction ratio makes high metal contact and bond area ratio and hence 
generates stronger overall bonding of clad metals. The detailed bonding mechanism in 
terms of the thickness reduction in the roll bonding process will be quantitatively 
described in Chapter IV. 
The experimental results of peel surface energy release rate G also show that the 
bonding strength is improved by increasing the entry temperature. The improvement of 
the bonding strength, as shown in Figure 3.7, can be explained by the diffusion between 
the intimately contacting metals. In solid state diffusion, the different atoms will diffuse 
into each other once they have intimate contact. The bonding interface between different 
metals will be a diffusion zone with certain thickness. According to Arrhenius law, the 
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reaction rate increases at higher temperature. So the diffusion rate is faster at higher 
temperature and hence higher temperature will leads to thicker diffusion interface for 
intimately contacting metal sheets assuming other conditions keep the same. The 
dependence of peel surface energy release rate on entry temperature indicates that the 
bonding property of clad metal depends on the state of the interfacial diffusion. The 
detailed analysis of the diffusion interface between Al 1100 and SST 304 will be 
conducted in Chapter VI. 
On the other hand, the high temperature also reduces the flow stress of base metals. 
The lower flow stress will facilitate the extrusion of the exposed metal through the 
crevice between oxide film fragments. Thus, the threshold thickness reduction required 
to make intimate contact of exposed metals will be reduced. This is one of the reasons 
why the threshold thickness reduction to bond Al 1100 and SST 304 decreases at higher 
temperature.    
3.5.3 The effect of reheating treatment 
The non-monotonic effect of the reheating treatment on roll bonding property 
could be explained by the combined effect of annealing and diffusion. In the reheating 
treatment after roll bonding, the heating will release the straining hardening effect 
developed by the serious plastic deformation through the previous rolling process, which 
is termed “annealing effect” in metallurgy. In this point of view, the reheating treatment 
reduces the bonding strength by release the strain hardening effect on the component 
materials. On the other hand, it is believed that the atomic metal bonding occurs when 
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the faying underlying metals contact each other after extrusion through the crevice 
between oxide film fragments during a rolling process, as shown in Figure 3.12. The 
bonding interface is created through the diffusion between Al 1100 and SST 304 after 
they contact each other in the rolling process. According to the mixture rule, the strength 
of the bonding interface decreases as the concentration of the weaker material (Al in this 
case) increases across the bonding interface. The lower limit is the strength of Al 1100 
and the upper limit is the strength of SST 304. Therefore, the more diffusion of SST 304 
into Al 1100 in reheating treatment will increase the strength of the bonding interface.  
Whether the combined effect of reheating treatment increases or decreases the 
bonding strength depends on the softening rate and the strengthening rate. Considering 
the annealing temperature for Al 1100-O is 343°C (650F) and the annealing time in the 
furnace need not be longer than necessary to bring all parts of load to annealing 
temperature  [96], the annealing/softening may takes effect faster than diffusion at 320°C 
and it completes or slows down in a short time such as no longer than 15 minutes. Then 
the faster annealing effect rate of the reheating treatment can explain the decrease of the 
peel strength within 15 minutes reheating time, as shown in Figure 3.8-(a). After the 
annealing effect completes or decays to certain level after certain time (such as 15 
minutes), the diffusion effect starts to dominate the reheating treatment and thereafter 
increases the bonding strength. For both the annealing and diffusion effect, the lower 
reheating temperature will reduce their reaction rates and thus the effect on the bonding 
strength will be observed in a longer time. In this perspective, it explains the 
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insignificant change of the peel strength by the 280°C and 240°C reheating treatments in 
30 minutes and 120 minutes respectively, as shown in Figure 3.8-(b) and (c).   
 
 
Figure 3.12 Schematic illustration of the diffusion between extruded Al 1100 and SST 
304 through the crevice between oxide film fragments: (a) low bonding area ratio; (b) 
high bonding area ratio 
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Let the dash contours in Figure 3.12 represent the concentration of SST 304. The 
concentration along the outer contour is lower. Accordingly, the material strength along 
the outer contour is lower. The evidence from previous work  [76] suggested that the 
metal to oxide fragment bond makes no contribution to the final strength of the 
composite metal sheets. Then it could be expected that the splitting of bonded metal 
sheets will propagate along one of the dash contours and the interface between the base 
metal and oxide fragments. The peeling will always take place in the Al rich side. This 
deduction can be verified by observing the surface of the SST 304 after the Al 1100 
sheet is peeled off. As shown in Figure 3.13, the rich residual aluminum can be observed 
on the SST 304 surface after Al 1100 is peeled off. The residual aluminum is actually the 
rich aluminum interface covered by the red dash line in Figure 3.12 and some adherent 
aluminum from Al 1100. 
 
Figure 3.13 The surface of the SST 304 after the bonded Al 1100 sheet is peeled off 
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As shown in Figure 3.12, the contour A2 represent the diffusion front where the 
theoretical concentration of SST 304 decays to zero. The adjacent diffusion front A2 will 
merge with each other in a sufficient diffusion time. The contour A2 will go farther into 
Al 1100 through the further diffusion and the strength under the contour will increase. At 
some point, the peeling failure will take place in Al 1100 instead of the diffusion 
interface due to the strengthening of the bonding interface. In this point of view, the 
lower bonding strength with lower bonding area ratio has more room to increase than 
that with higher bonding area ratio. Thus, the final increase of peel strength is greater at 
low rolling thickness reduction as shown in Figure 3.8-(a).   
3.6 Summary 
In this chapter, clad metals Al 1100-SST 304-Al 1100 were developed through the 
roll bonding process under controlled rolling conditions including rolling thickness 
reduction, entry temperature and reheating time. The corresponding peel strengths 
between Al 1100 and SST 304 were evaluated by the 180o peel test according to design 
of experiments in the range of the rolling thickness reduction 10%-50% and the entry 
temperature 240-320oC. Considering the plastic dissipation of peeled Al 1100, the peel 
surface energy release rate was used to obtain more accurate evaluation of the bonding 
strength of roll bonded metal sheets.  
It is found that the bonding strength of roll clad metals highly depends on the 
rolling thickness reduction and entry temperature. A threshold rolling thickness 
reduction is required at a particular entry temperature to bond Al 1100 and SST 304. The 
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peel strength increases with the rolling thickness reduction or the entry temperature until 
the overall bonding strength exceeds the strength of Al 1100. The peeling failure would 
propagate in the Al 1100 once the bonding strength exceeds the strength of Al 1100. Due 
to the combined effect of annealing of Al 1100 near bonding interface and the diffusion 
at the interface, the reheating treatment decreases the bonding strength at first and then 
increases the bonding strength in certain time. The reheating time required to increase 
the bonding strength depends on the reheating temperature and the metal contact area 
ratio at the interface.  
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CHAPTER IV 
 
ROLL BONDING MECHANICS MODELING 
4.1 Introduction 
The roll bonding process of clad metals involves in the fracture of the covering 
oxide film and the extrusion of the exposed underlying metal. The schematic illustration 
of the roll bonding mechanism is depicted in Figure 4.1. The plastic deformation of 
metals caused by rolling breaks the brittle oxide film on the metal. The broken oxide 
film exposes the underlying clean metal and thus allows the exposed metals to extrude 
through the fissures. As the materials go through the roll gap, the extruded metals from 
different layers will contact each other and then diffusion bonding can initiate.  
 
Figure 4.1 Schematic illustration of roll bonding of sandwich sheet 
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In this chapter, the described roll bonding mechanism is mathematically modeled 
and then quantitatively investigated. The roll bonding process of a three-ply metal sheet 
is characterized by two microscopic models (i.e. the oxide film fracture model and the 
metal extrusion model) and one macroscopic rolling mechanics model. In section 4.2, 
the oxide film fracture model is developed to predict the aspect ratio of the oxide film 
fragments fractured by the rolling plastic deformation of the metal sheets. Given the 
aspect ratio of oxide film fragments, the extrusion of the exposed metals under the 
rolling pressure is analyzed in section 4.3. In section 4.4, the mechanical behavior of the 
metals in the roll gap is analyzed by using slab method. By incorporating the oxide film 
fracture model and the metal extrusion model into the slab analysis, a roll bonding 
mechanics model is developed to evaluate the bonding state of the three-ply clad metal 
during the roll bonding process. In section 4.5, a finite element simulation of three-ply 
sandwich sheet is performed to validate the slab analysis used in section 4.4. Then the 
roll bonding mechanics model provides the evaluation of the bonding state of the three-
ply clad metal during the roll bonding process in section 4.6. In section 4.7, the effect of 
various rolling condition factors (such as thickness reduction, component layers’ 
thickness ratio, roll radius, component layers’ flow stress mismatch, friction condition, 
and end-tension) on the stress state and the bonding state of the three-ply clad metal 
during the rolling process is investigated through the roll bonding mechanics model. 
Finally, the section 4.8 summarizes the theoretical study of the roll bonding process in 
this chapter.  
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4.2 Microscopic Oxide Film Fracture 
To understand the oxide film breakage and metal extrusion process, the oxide film 
breakage needs to be studied first. The fracture of the oxide films between the 
component layers of clad metals during roll bonding is similar to the fracture of the 
surface oxide film during sheet rolling. Le et al.  [97] studied the surface oxide fracture in 
cold aluminum rolling. The similar approach is used to analyze the fracture of oxide film 
between component layers of metal sheet sandwich. Since the oxide film thickness is 
much less than the roll radius, the oxide film is assumed to be flat. The proposed oxide 
film fracture mechanism during roll bonding process of metal sheet sandwich is 
illustrated in Figure 4.2. The cladding metal in the outer layers, i.e., on the top in Figure 
4.2, is denoted as cladding sheet, while the metal sheet in the middle layer is denoted as 
base sheet. The bonded multi-layer metal sheet structure is named as clad metals or 
sandwich sheet. Relative to the surface oxide film, the metal materials are referred to as 
substrate. Since the oxide film is usually stiffer and more brittle than its metal substrate, 
the metal sheet extension during rolling reduction leads to tensile stress within oxide 
film in the extension direction and the tensile stress makes the brittle oxide film fracture. 
As shown in Figure 4.2, the oxide fragment of the cladding sheet oxide film, with 
characteristic length of λc and thickness tc, locates between point A and B. σC denotes the 
horizontal stress at the neutral point C of oxide fragment AB. Due to the extension of the 
cladding metal sheet caused by rolling thickness reduction, the shear stresses τA along the 
length LCA and τB along the length LCB are in the opposite direction. Since the oxide film 
is much thinner than the thickness of metal sheet, the pressure p and the longitudinal 
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stress through the oxide film thickness are assume to be constant. The equilibrium state 
in the longitudinal direction is satisfied by 
 B CB A CA ABL L L µτ τ τ= +  (4.1) 
Here, τµ is the friction stress between the base sheet and the cladding sheet. 
 
Figure 4.2 Oxide film breakage of clad and base sheets during sandwich sheet rolling 
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At the neutral point C, the longitudinal tensile stress σC within oxide film fragment 
reaches maximum. The equilibrium state in longitudinal direction of the section BC (part 
of oxide fragment AB) gives 
 ( )C c A CAt Lµσ τ τ= +  (4.2) 
The longitudinal tensile stress within the fragment can be solved by Eq. (4.1) and (4.2): 
  
( )( )A Bc
C
c A Bt
µ µτ τ τ τλσ τ τ
+ −= +  (4.3) 
At point C, the shear stress can be considered as zero since the shear stress should 
keep the same value and in opposite direction. So the plane strain von Mises yield 
criterion at point C can be expressed as: 
 2C cop kσ + =  (4.4) 
where kco is the yield shear stress of the oxide film on clad metal. Substitute Eq. (4.3) 
into Eq. (4.4), the maximum aspect ratio of the oxide fragment of clad sheet can be 
reached at 
 
( )( )
( )( )max
2 co A Bc
c A B
k p
t µ µ
τ τλ
τ τ τ τ
− +⎛ ⎞ =⎜ ⎟ + −⎝ ⎠  (4.5) 
As the metal sheets go through the roll bite, the metal sheet is compressed in 
thickness and extended in longitudinal direction faster than its oxide film. At certain 
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point, the metal substrate slides relative to its oxide film. After the sliding occurs, the 
friction (shear stress) between them is equal to the yield shear stress kc of the clad sheet 
metal substrate, as shown in Figure 4.2: 
  
A B ckτ τ= =  (4.6) 
According the mechanical behavior analysis of sandwich sheet rolling [19], the 
pressure near the entrance and before the bonding of component layers is essentially 
determined by the equivalent yield shear stress. If there is no tension on component 
layers at entrance, the approximation in plane strain state can be made before the 
bonding of component layers: 
 2 cp k=  (4.7) 
The interfacial shear stress τµ is defined through the friction coefficient µ between 
base and clad sheets (or oxide films). 
 pµτ µ=  (4.8) 
Substitute Eq. (4.6)-(4.8) into (4.5), the function of oxide film fragment aspect ratio can 
be derived as: 
 ( )2max
1
4
1 4
co
cc
c
k
k
t
λ
µ
⎛ ⎞−⎜ ⎟⎛ ⎞ ⎝ ⎠=⎜ ⎟ −⎝ ⎠
 (4.9) 
Similarly, for the oxide film fragment on the base sheet, the aspect ratio is: 
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 (4.10) 
Here, kb and kbo denote the pure shear yield stresses of the base sheet and the oxide film 
of the base sheet, λb denotes the length of the oxide fragment of the base sheet and tb 
denotes the thickness.  
4.3 Microscopic Metal Extrusion through Crevice between Oxide Fragments  
Le and Suctliffe [97-99] experimentally investigated the oxide film fracture on a 
single layer aluminum sheet under single pass rolling and developed a metal extrusion 
model based on Wilson and Korzekwa’s [100,101] study of asperity flattening. The 
approach is extended to establish the metal extrusion model in roll bonding process of 
metal sheet sandwich. Without loss of generality, we assume the oxide fragments have 
the same length the length λ0 and the same thickness tox. As shown in Figure 4.3, the 
spacing of the oxide fragment is λ, the extrusion depth of the exposed metal into the 
crevice is δ, the pressure exerting on the oxide fragment is pox, and the pressure exerting 
on the surface of the extruded metal in the crevice is pcv. Since the toughness of oxide is 
much lower than that of the substrate metal, the oxide fragments is considered as an 
inextensible rigid body. Then the plastic strain in the longitudinal (εl) and the thickness 
(εt) direction can be approximately expressed by the oxide fragment spacing and the 
rolling thickness reduction ratio (rt). 
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Figure 4.3 Metal extrusion through oxide fragment crevice 
 
 0
0
l
λ λε λ
−=  (4.11) 
 t trε = −  (4.12) 
The metal sheets in rolling process are considered as incompressible materials, thus 
 ( )( )1 1 1l tε ε+ + =  (4.13) 
If we define the extrusion velocity vf=dδ/dt, a non-dimensional extrusion rate RE 
can be expressed in the following, as described by Sutcliffe [98, 99]: 
 
2 f
E
v
R λε= &  (4.14) 
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Substituting Eq. (4.11)-(4.13) into Eq. (4.14) and dividing the both side of Eq. (4.14) by 
the oxide film thickness, the metal extrusion ratio with respect to oxide thickness can be 
derived: 
 ( )0
0
1
2
l
E
ox ox
R d
t t
ελδ ε ε⎛ ⎞ = +⎜ ⎟⎝ ⎠ ∫  (4.15) 
If the oxide film fragment is considered as an indenter on the substrate, the metal 
extrusion can be considered as indentation of oxide fragment into metal sheet substrate, 
as described by Suctliffe  [97]. Then the finite element simulation result of surface 
asperity deformation by Korzekwa  [101] can be used. The numerical simulation result of 
RE was fitted into a polynomial function of the oxide fragment area ratio, Aox, and the 
difference between the normalized average pressures on the oxide fragments and on the 
extruded metal between the oxide fragments, ∆=(pox –pcv)/Y  [98].  
 ( ) ( ) ( ) ( ) 20 1 2, (1 )E ox ox ox ox oxR A A A F F A F A⎡ ⎤∆ = − ∆ + ∆ + ∆⎣ ⎦  (4.16) 
where  ( )
( )
( )
2 3
0
2 3
1
2 3
2
5.1206 4.5258 3.5599
9.5761 11.3854 8.6069
8.3193 11.7954 7.6475
F
F
F
∆ = ∆ − ∆ + ∆
∆ = − ∆ + ∆ − ∆
∆ = ∆ − ∆ + ∆
 
In the metal extrusion case, there is no pressure on the extruded metal between the oxide 
fragments without lubrication. Therefore,  
 ox
ox
p p
Y YA
∆ = =  (4.17) 
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Here, 
2
3 Y
Y σ=  is the plane strain yield stress of metal sheet substrate (σY is the von 
Mises yield stress.). The p is the interfacial pressure.  
 
Figure 4.4 The combined metal extrusion through oxide fragment crevices 
Here we use (δ/tox)i to denote the metal extrusion ratio in the crevice between the 
oxide fragments of metal i(i=1, 2). Since the base and cladding sheet could be different 
metals, it is reasonable to expect that the metal of one layer extrude through its oxide 
fragments, i.e., (δ/tox)1=1, while the metal of adjacent layer still on the way to go through 
the oxide fragment crevices, i.e., (δ/tox)2<1. In this case, the metal-1 will continue to 
extrude (but into the crevices between oxide fragments of metal-2) in the rolling process 
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until metal-1 and metal-2 contact each other. This combined extrusion process is 
illustrated in Figure 4.4, where (δ/tox)2j means the extrusion ratio of metal-j (j=1, 2) in the 
crevice between the oxide fragments of metal-2. Similarly, we use (εl)i to denote the 
longitudinal strain of metal i(i=1, 2). Assuming the (εl)1  = (εl)I when (δ/tox)1=1,  the 
combined extrusion equation is derived as following: 
 
( )( )( ) ( )( )( )( )2 1
2 22 21
0
22 210
2
1          1 1
2
l l
l I
ox ox ox
E E
ox
t t t
R d R d
t
ε ε
ε
δ δ δ
λ ε ε ε ε
⎛ ⎞ ⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞= + + +⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠ ∫ ∫
 (4.18) 
It can be expected that there are a critical longitudinal strain (εl)II,2 of the harder 
metal sheet (metal-2 as shown in Figure 4.4) and a critical longitudinal strain (εl)II,1 of 
the harder metal sheet (metal-1 as shown in Figure 4.4) such that the extruded metals 
(metal-1 and metal-2 as shown in Figure 4.4) contact each other, i.e., (δ/tox)2=1. 
Considering the flow stress mismatch of clad and base metal sheets, the critical strain is 
different for the cladding sheet and the base sheet, in other words, (εl)II,2 ≠ (εl)II,1. 
Nevertheless, there is an overall thickness reduction ratio (rt)II corresponding to the 
initiation of extruded metals’ contacting. Only if the total thickness reduction ratio rt 
>(rt)II, the contact of extruded metals can make diffusion happen between the extruded 
metals such that diffusion bonding is achieved between the clad and the base metals. 
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4.4 Macroscopic Rolling Mechanics of Clad Metal Bonding 
In this section, a symmetrical three-ply metal bonding through a symmetrical two-
high rolling mill is considered. By using slab method, Hwang et al. [102] and Tzou et al. 
[103-106] studied the slab stress of two and three layers of sandwich metal sheets in a 
roll bonding process. The slab method is extended to model the roll bonding process of 
symmetrical three-ply metal sheets. The oxide film fracture analysis in section 4.2 and 
the exposed metal extrusion model in section 4.3 are incorporated in the slab stress 
analysis such that the bonding process can be modeled.  
Due to the symmetry, a half plane diagram of a three-layer sandwich sheet going 
through roll gap is illustrated in Figure 4.5. R is the radii of rolls, ω is the angular 
velocity of rolls, θc is the contact angle, L is contact length, hic and hoc are the entry and 
exit thickness of cladding sheets, hib and hob are half of the entry and the exit thickness of 
base sheet (in the middle), qic and qib are the entry end-loading (stress) on the ends of the 
clad and base sheets, and qo is the exit end-loading on the end of bonded sandwich sheet. 
The three component layers of the sandwich sheet are stacked together without bonding 
before they enter the roll gap. The top and bottom layers of the sandwich sheet have the 
same thickness. During the rolling process, the three component layers are bonded at 
certain point after they enter the roll gap. According to the yielding and bonding state of 
component layers, the sandwich sheet in the roll gap is divided into four zones. In zone I, 
the soft material yields while the hard material does not. Zone II starts at point x=xy, 
where the hard material starts to yield. In zone III, the extruded metals from component 
layers contact each other and the diffusion bonding of the extruded metals starts to occur 
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at point x=xb.  The sandwich sheet and rolls have the same velocity at neutral point x=xn 
where zone IV starts. Rolls move faster than the sheet sandwich in zone I, II and III, 
while the sheet sandwich moves faster in zone IV.  
 
Figure 4.5 Schematic illustration of sandwich sheet during rolling 
In order to simplify the complex roll bonding conditions without loss of generality, 
the following assumptions are made: 
1. The rolls are rigid body. 
2. The metal sheets are rigid perfectly plastic materials. 
3. The deformation rolled sandwich sheet is in plane strain state. 
4. The principal stresses are in axial directions, ( ) ( ) ( )1 2, , ,yy xx p qσ σ σ σ≈ ≈ − . 
5. Materials obey von Mises yield criterion. 
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Based on the above assumptions, the yield criterion for each metal sheet-i (i=c 
means the cladding metal and i=b means the base metal) becomes: 
 2i ip q k+ =  (4.19) 
Here, p is the vertical pressure, qi is the horizontal tensile stress of the metal-i, and 
( )1
3i Y i
k σ=  is yield shear stress of the metal-i. A typical slab analysis of rolled metal 
sheets in the roll gap is demonstrated in Figure 4.6 where hc is the slab thickness of the 
cladding sheet, hb is the half slab thickness of the base sheet, Sc is the length of the top 
side of the cladding sheet, Sµ is the length of the contacting sides of the cladding and 
base sheets, θµ is the tilt angle of the contacting sides of the cladding and base sheets, pc 
is the pressure of the top roll on the cladding sheet, pµ is the pressure on the contacting 
surfaces of the cladding and base sheets, qc is the horizontal stress of the cladding sheet, 
qb is the horizontal stress of the base sheet, τc is the friction stress between the top roll 
and the cladding sheet and τµ is the friction stress between the cladding and the base 
sheets. The equilibrium equation of the cladding sheet is derived as: 
 ( ) ( ) ( ) ( )2 21 tan tan tan 1 tan 0c c c c cd h q pdx µ µ µτ θ θ θ τ θ+ + − − − + =  (4.20) 
The equilibrium of the base sheet slab gives: 
 ( ) ( )2tan 1 tan 0b bd h q pdx µ µ µθ τ θ− + + =  (4.21) 
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Figure 4.6 Slab stress state of rolled metal sheets in roll gap 
Here, we introduce c c b bhq h q h q= + , where q is the equivalent horizontal tension 
on the sandwich sheet. Rearranging Eq. (4.20) and (4.21), we derive: 
 ( ) ( )21 tan tan 0c c cd hq pdx τ θ θ+ + − =  (4.22) 
Similarly, we also introduce the equivalent yield shear strength of sandwich sheet as: 
 ( )1e c bk k kη η= + −  (4.23) 
where c
h
h
η = . Then the overall yield criterion of sandwich sheet can be derived as: 
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 2 ep q k+ =  (4.24) 
In industrial, the cladding metal (layer c) can be either harder or softer than the 
base metal (layer b). Here, we introduce a non-dimensional variable s=θµ/θc. By defining 
the value of s, Eq.(4.20) and (4.21) can solve the stress of either the soft/hard/soft 
layered sandwich sheet or the hard/soft/hard layered sandwich sheet. When only one 
material yields,  
 
0 if 
1 if 
b c
c b
s k k
s k k
= >
= >  (4.25) 
For flat rolling, usually, |x|/R<<1, therefore, the following approximation is 
applied. 
 
tan c
x
R
θ ≈ −  (4.26) 
In reality, the yield state, friction conditions and the bonding state change through 
the roll gap, therefore the mechanical analysis of metal deformation is performed zone 
by zone. As previously defined, zone I is in the domain [–L, xy], zone II is in the domain 
[xy, xb], zone III is in the domain [xb, xn], and zone IV is in the domain [xn, 0]. 
Zone I [–L, xy] 
In this zone, soft material yields first, but hard sheet doesn’t yield. When the 
cladding sheet is softer (s=0) and we have 
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 2c cp q k+ =  (4.27) 
From slab’s geometry, we have  
 
2
2 2
2c o ib o ib
xh h h R R x h h
R
= − + − − ≈ − +  (4.28) 
Since the clad sheet yields but the base sheet does not in zone I, the base sheet moves 
into roll gap faster than the clad sheet in this zone. Thus the direction of the shear stress 
τµ goes to the opposite of the direction as shown in Figure 4.6. Then, with Eq. (4.26), Eq. 
(4.27) and Eq.(4.28), Eq.(4.21) becomes 
 
( )
( ) 2
2 2 2 2 42
2
c o ib cc
o ib
R h h R k xdp
dx R R h h x
µτ ττ − + + += + − +  (4.29) 
Then the p in zone I can be solved by integrating Eq.(4.29). 
In oxide film fracture modeling, it assumes that the oxide is inextensible. 
Accordingly, the friction coefficients between surfaces depend on the surface extension 
deformation. The average friction coefficients rcµ  between the rolls and the cladding 
sheets and  bcµ  between the cladding and base sheets are defined in the following: 
 
( )1rc rc t rc tr rµ µ µ′= − +  (4.30) 
 
( )1bc bc t bc tr rµ µ µ′= − +  (4.31) 
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Here, rcµ′  and bcµ′  are the friction coefficients (between the rolls and the facing surfaces 
of the cladding sheets and between the cladding and base sheets) in the crevice section 
between oxide film fragments. rt is the overall thickness reduction ratio that is equal to 
the surface extension. rt,J means the overall thickness reduction ratio in zone J (J=I, II, 
III, IV). When the crevice is small, the extruded metal does not contact the facing surface 
of the other metal sheet and thus 0ijµ′ = . Once the extruded metal go through the crevice 
and contact the other surface, the friction coefficient is 1ijµ′ = . Then the average friction 
stress becomes: 
 
( )( )c rc rc rc t cr kτ µ µ µ′= + −
 
(4.32) 
 
( )( )bc bc bc t cr kµτ µ µ µ′= + −
 
(4.33) 
where ( ) ( ) 2, 21 2o ibt I ic
R h h x
r x
Rh
− += −  
Substitute Eq. (4.32) and Eq. (4.33) into Eq. (4.29), and normalize Eq. (4.29) by 2kc, the 
following equation is derived: 
 
( )
( )
( ) ( )
2
2
2
2 2 22
2
                   
2 2
rc o ib bcc rc
o ib
rc rc bc bcrc rc
ic ic
pd
R h h R xk
dx R R h h x
x
R h h
µ µµ
µ µ µ µµ µ
⎛ ⎞⎜ ⎟ ′ ′− + + +′⎝ ⎠ = + − +
′ ′⎛ ⎞− + −′ −− +⎜ ⎟⎝ ⎠
 (4.34) 
Applying the boundary condition at entry point, p|x=-L=2kc-qic, the normalized vertical 
pressure can be solved. 
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   ( ) ( ) ( ) ( ) ( )
2 2
1 1
2 2
3 3
2
ln tan tan 1
2 2
            
2 6
rc bc icI
rc
c c
rc rc bc bc
rc rc
ic ic
B R qp x D x L x L
k L D D D D R k
x L
x L
h R h
µ µ µ
µ µ µ µ µ µ
− −′ ′+ ⎛ ⎞+ +⎛ ⎞ ⎛ ⎞ ′= + + + + −⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞+′ ′− + −⎜ ⎟′− + + −⎜ ⎟⎝ ⎠
 (4.35) 
where ;  = 2 ;  = 2o ibH h h B R H D RH= − − . 
For the equilibrium of the middle base material in zone I, the equilibrium Eq. (4.21) 
gives (θµ=0 since hard material does not yield yet.): 
 
2 2
Ib bc
Ib
c ib
q x c
k h
µ= +  (4.36) 
At x=-L, the integration constant cIb can also be determined by the boundary condition 
qIb|x=-L= qib. The solution Eq.(4.36) becomes: 
 
3 3
2 2 2 4 3
Ib bc ib bc bc
c ib c ic ib
q qx L x L
k h k Rh h
µ µ µ′ ′ −+ += + +  (4.37) 
 
Zone II [ xy , xb] 
In this zone, both of the soft and hard materials yield. The hard material starts to 
yield at x=xy, where the yield criterion is satisfied. 
 2b bp q k+ =  (4.38) 
Here, a location function f(x) is introduced: 
 
( ) 2 b by c c
p q kf x
k k
+= −
 (4.39) 
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Then the location x=xy where the hard material starts to yield can be determined by 
solving the equation f(xy)=0 in the nearest neighborhood of x=-L.  
After both of the cladding and base sheets yield, the oxide films on both sheets 
break and the metals extrude through the crevices among the oxide fragments. The 
extruded metals will contact each other at x=xb, where the diffusion bonding initiates. 
Before this point, even though both sheets yield, they do not bond. Then the equilibrium 
Eq. (4.20) and Eq. (4.21) apply on the cladding and base sheets respectively. The overall 
equilibrium Eq. (4.22) could be expressed as: 
 
( )
2
2 2 42
2
c o ec
o
R h k xdp
dx R Rh x
ττ − += + +  
(4.40)
 
Substitute Eq. (4.32) into Eq. (4.40) with rt,II(x)=1-(2Rho+x2)/(2Rhi), the 
normalized equilibrium equation can be derived. Here, hi (=hic+hib) is half of the total 
entry thickness of the sandwich sheet and ho (=hoc+hob) is half of the total exit thickness 
of the sandwich sheet. 
 
( ) ( )2
2 2
2 2
2
2 2 2
e
rc o
rc rcc rc c rc rc
o i i
p kd R h x
k k x
dx R Rh x R h h
µ µ µµ µ µ
⎛ ⎞ ′ − +⎜ ⎟ ′⎛ ⎞−′ ′ −⎝ ⎠ = + − +⎜ ⎟+ ⎝ ⎠
 (4.41)
 
Applying the boundary condition y yI IIx x x xp p= == , the vertical pressure p can be solved. 
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( ) ( )
2
1 1
2
3 3
2
2 2ln tan tan
2 2 2 2 2
( )
                           
2 6 2
ye o oII
rc
c c y o o o o
I y y yrc
y rc rc
c i i
xk x Rh R hp x
k k x Rh Rh Rh Rh
p x x x x x
x x
R k R h h
µ
µ µ µ
− −⎛ ⎞⎛ ⎞ ⎛ ⎞+ −′ ⎜ ⎟= + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞− −′ ′+ − + − − +⎜ ⎟⎜ ⎟⎝ ⎠
 (4.42)
 
If the thickness ratio keeps constant after all component layers yield, the relationship 
between θµ and θc could be expressed as following: 
 ( )tan 1 tan cµθ η θ= −  (4.43) 
Substituting Eq. (4.43) into Eq. (4.21), the shear stress between the cladding and base 
sheets can be solved. 
 ( )
( )
( )
2
2
2
1 2
2
1 1
o b
II
x dp xh k
R dx R
x
R
µ
η
τ
η
⎛ ⎞⎛ ⎞− + −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⎛ ⎞+ − ⎜ ⎟⎝ ⎠
 (4.44) 
Substituting Eq. (4.41) into Eq. (4.44), the normalized shear stress can be derived: 
 
( )
( )
( )
( )
( ) ( )
( )
2
2
2
2
2
2
2
2
2
2 2
1
2 2
2
1 1
1
2 2 2
                 
1 1
e
rc o
rc c b
o
o c
II
c
rc rcrc rc
o
i i
kR h x
k kx xh
R R Rh x k R
k x
R
xh x
R R h h
x
R
µ
µµη
τ
η
µ µµ µη
η
⎛ ⎞⎛ ⎞′ − +⎜ ⎟⎜ ⎟′⎛ ⎞⎜ ⎟⎜ ⎟− + + −⎜ ⎟ +⎜ ⎟⎜ ⎟⎝ ⎠⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⎛ ⎞+ − ⎜ ⎟⎝ ⎠
′⎛ ⎞−′⎛ ⎞ −− + +⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠− ⎛ ⎞+ − ⎜ ⎟⎝ ⎠
 (4.45) 
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Zone III [ xb , xn] 
In zone II, the hard material yields and its oxide film on the surface fractures. 
Meanwhile, the exposed metal extrudes through the crevices between oxide fragments. 
At certain point x=xb, the extension strain and the vertical pressure drive one of the 
extruded metals to contact the other extruded metal from the facing component layer and 
the adjacent layers bond. Here, a combined metal extrusion function is introduced: 
  ( )
21 22
1 1c b
bo bo ox ox
g x
t t t t
δ δ δ δ⎛ ⎞ ⎛ ⎞= + − = + −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  (4.46)  
where δb and δc are the extrusion depths of the base and cladding metals respectively into 
the crevice among oxide film fragments (with the thickness of tob) of the harder material 
in the base layer. The combined metal extrusion function g(x) is defined by the metal 
extrusion model. The bonding point xb can be determined by g(x)=0. The stress state of 
sandwich sheet in zone III can be solved as that in zone II. 
Zone IV [ xn , 0] 
In zone III, the cladding and base sheets are bonded in the form of a sandwich 
sheet. As the bonded sandwich sheet goes through the roll gap, the rolled sandwich sheet 
will translate faster than the rolling velocity of rolls at a neutral point x=xn. Therefore, 
the shear stress on the cladding sheet by the rolls changes its direction. The zone IV is 
defined in the domain [xn, 0]. The equilibrium equation of the sandwich sheet in zone IV 
can be derived by switching the direction of τc in the Eq. (4.22). At the exit x=0, the 
boundary condition as shown in Figure 4.6 gives: 
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 0 2o exp q k= + =  (4.47) 
Applying the boundary condition, the pressure p can be solved: 
 
( )
2
1
3
2
2 2 2ln tan
2 2 22 2
            +                
6 2
IV e o o rc e o
rc
c c o co o
rc rc
i i
p k x Rh R h k qx x
k k Rh R kRh Rh
x x
R h h
µµ
µ µ
− ⎛ ⎞ ′+ − −′= − − +⎜ ⎟⎜ ⎟⎝ ⎠
⎛ ⎞′ − +⎜ ⎟⎝ ⎠
 (4.48)
 
Similarly, the shear stress between the base and cladding sheets is 
 
( )
( )
( )
( )
( ) ( )
( )
2
2
2
2
2
2
2
2
2
2 2
1
2 2
2
1 1
1
2 2 2
                 +
1 1
e
rc o
c rc b
o
o c
IV
c
rc rcrc rc
o
i i
k x R h
k kx xh
R Rh x R k R
k x
R
xh x
R R h h
x
R
µ
µ µη
τ
η
µ µµ µη
η
⎛ ⎞⎛ ⎞′− −⎜ ⎟⎜ ⎟′⎛ ⎞⎜ ⎟⎜ ⎟− + − −⎜ ⎟ +⎜ ⎟⎜ ⎟⎝ ⎠ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠= ⎛ ⎞+ − ⎜ ⎟⎝ ⎠
′⎛ ⎞−′⎛ ⎞ −− + +⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠
⎛ ⎞+ − ⎜ ⎟⎝ ⎠
 (4.49)
 
The neutral point xn is determined
 
by the equation pIII(xn)=pIV(xn) as following: 
      ( )
1 1
2
2 2ln 2 tan tan
2 2 2 2
( ) 2                                                   2
2 2
                                     
ye o o n
rc
c y o o o o
I yrc e o
n y
c c
xk Rh R h x
k x Rh Rh Rh Rh
p x k qx x
R k k
µ
µ
− −⎛ ⎞⎛ ⎞ ⎛ ⎞−′ ⎜ ⎟+ −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠ ⎝ ⎠⎝ ⎠
′ −+ − + −
( ) 3 322 2               =0 6 2n y n yrc rc i i
x x x x
R h h
µ µ ⎛ ⎞− −′− − +⎜ ⎟⎜ ⎟⎝ ⎠
 (4.50) 
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4.5 Numerical Simulation and Validation 
In order to validate the slab analysis of the sandwich sheet during a rolling process, 
finite element analysis (FEA) of the process is performed through ABAQUS Explicit. In 
the FEA, the rolling of sandwich sheet is considered as a 2-D plane strain problem. The 
work hardening of component metal sheets is considered. For convenience, the 
component layers of the sandwich sheet are considered to be perfectly bonded. The 
material of the cladding layers is Al 1100 and the material of the base layer is SST 304. 
Material properties used in FEA are provided in Table 4.1 [107-110]. The element 
CPE4R  [111] is used in this model to simulate the half of the sandwich sheet rolling due 
to the symmetry of this problem (as shown in Figure 4.7). Friction between the roll and 
the cladding Al 1100 sheet is modeled using a constant Coulomb friction coefficient 
µrc=0.9. The roll radius is R=41mm, the angular velocity of the rolls is w=0.628 rad/s, 
and the half thickness of the sandwich sheet Al-SST-Al is hi=2.36mm with the thickness 
of the cladding sheet hic=1.60mm. The overall rolling thickness reduction is 30%. 
Table 4.1 Material properties 
Property Modulus E (GPa) 
Poisson’s Ratio 
ν 
Yield Stress 
σY  (MPa) 
UTS  (MPa) Density ρ (g/cm3) 
Al 1100 68.9 0.33 103 110 (εp=0.12) 2.71 
SST 304 193.0 0.24 290 420 (εp=0.40) 8.00 
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also predicted by the slab analysis, as shown in Figure 4.9. Figure 4.8-(a) also shows that 
the minimum horizontal stress of the base sheet and the cladding sheet occurs at 
different positions. The position of the minimum stress of the harder base sheet is 
slightly closer to the entrance than that of the softer cladding sheet. In the theoretical 
model, the minimum stresses of both the base and cladding sheets are assumed to occur 
at the neutral point. This assumption is one of the factors inducing inaccuracy to the slab 
analysis. The vertical stress by FEA, as shown in Figure 4.8-(c), indicates that the 
vertical stress is approximately uniform through the thickness. But the vertical stress 
distribution through the thickness at the entrance and the exit is slightly non-uniform. 
Therefore, the obvious errors of the average pressure at the entrance and the exit from 
the slab analysis is observed in Figure 4.9, and it can be explained the uniform pressure 
assumption through the thickness. However, the comparison of the stress state by the 
slab analysis and by the FEA shows that the analytical stress solution by the slab 
analysis provides reasonable agreement with the FEA results. Considering the 
convenience and computation efficiency of the analytical model, the slab analysis is 
preferred to analyze the roll bonding of metal sheets by incorporating the oxide film 
fracture model and the metal extrusion model.  
In Figure 4.8-(b) and (d), it can also be seen that the thickness reduction and the 
longitudinal extension of the softer cladding sheet are slightly more than that of the 
harder base sheet. The same phenomenon is observed in the roll bonding experiment of 
Al-SST-Al sandwich sheet.  
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4.6 Results 
4.6.1 Aspect ratio of oxide fragments 
The oxide film fracture model indicates that the aspect ratio of the oxide film 
fragment determined by Eq. (4.9) and (4.10) depends on the friction coefficient between 
contacting surfaces, the flow stress ratio of the substrate metal and its oxide film, and the 
flow stress ratio of the base and cladding sheets. The relevant kinetic friction coefficients 
provided by  [112] are categorized in Table 4.2. Considering the oxide films on the Al 
1100 and SST 304 sheets, the friction coefficient between the cladding and base sheets 
used here is 0.3. Passive oxide film can be easily formed on the surface of aluminum and 
stainless steel, and thus aluminum and stainless steel have good corrosion resistance. 
The thin oxide layer of aluminum is alumina Al2O3 and the passive oxide layer of 
stainless steel is usually composed of Fe2O3 in the top layer and Cr2O3 in the next layer 
contacting the metal substrate [113-116]. The flexure strength of Al2O3  [117] is 552MPa 
and the hardness is 15GPa. The accurate strength of the oxide film on metals is difficult 
to obtain experimentally. According to [118-120], the yield strength and hardness of 
most metals have linear relationship. Assuming the metal oxide follows the same 
correlation, the tensile strength of Cr2O3 and Fe2O3 are determined by correlating their 
strength and hardness. Based on the reported hardness of Cr2O3 film [121-123], the 
hardness of Cr2O3 film is taken as 25GPa. The hardness of Fe2O3 film is 18GPa  [124]. 
So the tensile strength of Cr2O3 and Fe2O3 are determined to be 920MPa and 662MPa 
and the overall strength of oxide film of stainless steel takes the intermediate value 
791MPa at room temperature. With those inputs, the aspect ratio of Alumina fragments 
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predicted by the oxide film fracture model is about 25 and that of SST oxide fragments 
is 10. 
Table 4.2 Kinetic friction coefficient data 
Material 
Kinetic friction coefficient 
Moving specimen Fixed specimen 
Steel Aluminum 0.25 
Aluminum  Steel 0.38 
Alumina  Aluminum 0.75 
Alumina  Iron 0.45 
Al2O3 sprayed 
coated surface  Stainless steel 0.13-0.3 
 
Textor and Grauer  [125] showed that the thickness of the oxide film on technically 
pure aluminum in air for 14 days is 2.2nm. The thickness of the oxide film on cold rolled 
aluminum foil is about 2.5-2.8nm while the oxide film thickness of foils annealed at 
280-300oC for 20-30 hours is about 4.0nm. Accordingly, the thickness of oxide film of 
aluminum sheet is assumed to be 2.5nm at room temperature [126]. The thickness of 
native oxide film on stainless steel is typically 1-3nm  [127]. Nomura et al. [128, 129] 
reported that the thickness of oxide film on SST304 heated at 400oC for one hour is 
20nm. The thickness of the SST304 oxide film in a particular case will be interpolated 
from the above data.  
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4.6.2 Exposed metal extrusion and contact 
The theoretical model integrating the oxide film fracture, the metal extrusion and 
the rolling of the metal sheet sandwich provides the slab stress state of the metal sheet 
sandwich in a bonding roll gap in Figure 4.10 and the exposed metal extrusion ratio 
through the crevice between the oxide fragments in Figure 4.11. In Figure 4.10, the left 
vertical dash line marks the position where the extruded aluminum through the oxide 
fragment crevice contacts the facing oxide surface of the base metal (SST 304) sheet, 
and the right vertical dash line marks the position where the extruded aluminum through 
the crevice between the oxide film fragments of stainless steel contacts the extruded 
stainless steel through the crevice between the oxide film fragments of stainless steel. 
The position marked by the right vertical dash line is actually the bonding point. 
The metal extrusion versus the thickness reduction of the corresponding 
component sheets during the bond rolling process is illustrated in Figure 4.11. The thick 
solid curve shows that the aluminum extrudes through the aluminum oxide crevice and 
finally contacts the opposite oxide surface of the base metal SST 304 when the thickness 
reduction of the cladding metal sheet goes up to 7.85% (the overall thickness reduction 
of the sheet sandwich is 5.34% respectively). As shown in Figure 4.10, the deformation 
of the sheet sandwich enters zone II where the hard base metal yields and the oxide film 
of the base metal fractures. The dash line, the dash dot line and the thin solid line in 
Figure 4.11 illustrate the softer aluminum extrusion ratio, the harder stainless steel 
extrusion ration, and the total metal extrusion ratio through the oxide crevice of the hard  
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Figure 4.10 Slab stress state of Al/SST/Al sheet in bonding roll gap (overall thickness 
reduction rt=30%) 
 
Figure 4.11 Exposed metal extrusion through the crevice between oxide film fragments 
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base metal (stainless steel) respectively. The computation result shows that the extruded 
aluminum contacts the extruded stainless steel when the thickness reduction of the 
stainless steel goes up to 3.54%. The overall thickness reduction is 19.57% respectively. 
This is a threshold thickness reduction for the extruded metals from component layers to 
contact and hence to bond to each other. Bay et al.  [85] used experimentally determined 
threshold surface expansion (equivalent to the thickness reduction to describe the 
material deformation) as a constant for particular bonding couples in their numerical 
method. In our model, it shows that the threshold thickness reduction (or the surface 
expansion in Bay’s model) for a particular bonding pair to contact each other through the 
cover layer cracks has dependency on the rolling thickness reduction, material 
properties, and friction conditions. The metal extrusion curves also demonstrate that the 
extruded stainless steel fills the 7.4% of the oxide crevice and the extruded aluminum 
fills the rest 92.6% of the oxide crevice. This result is reasonable considering the yield 
stress of aluminum is about one third of that of the stainless steel.  
4.7 Discussions 
In the proposed rolling mechanics model, the metal sheet sandwich in the roll gap 
is divided into four zones by the yielding of the hard base sheet, the contacting of the 
extruded metals, and the neutral point. In the analysis procedure, there is another 
characteristic point where the soft aluminum extrudes through the oxide fragment 
crevice and contacts the opposite surface. Those characteristic points actually divide the 
rolled metal sheet sandwich into five zones. The materials in different zones have 
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different interactive loadings due to different oxide film fracture conditions, metal 
extrusion state, harder metal yield state and the relative motion speed compared to the 
rolls. In order to understand the effect of the oxide film fracture state, the metal extrusion 
state, the harder metal yield state and the relative metal motion speed on the roll bonding 
state, relative extrusion-through length (RETL), relative yield length (RYL) for hard 
metal, relative contact length (RCL) for adjacent extruded metals, and relative reverse 
shear length (RRSL) are introduced. RETL is defined as the ratio of the distance from 
the point (where soft metal extrudes through its oxide fragment crevice and contact the 
opposite surface) to the exit over the contact length (L). By the similar definition, 
RYL=|xy|/L; RCL=|xb|/L; RRSL=|xn|/L. 
4.7.1 Effect of the overall thickness reduction ratio 
The effect of the overall thickness reduction ratio on the stress state of the metal 
sheet sandwich during a steady roll bonding process is depicted in Figure 4.12. It is 
obvious that the contact length of the metal sheet sandwich with the rolls increases as the 
overall thickness reduction ratio increases. In Figure 4.12-(a), it can be seen that more 
thickness reduction ratio requires more rolling pressure to squeeze and bond the metal 
sheets. The shear stress (or the friction) between the base and cladding sheets is not 
significantly affected as the overall thickness reduction increases. In Figure 4.12-(b), it 
can be observed that more thickness reduction ratio causes less horizontal tensile stress 
on the base sheet but more compressive stress on the cladding sheet. 
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(a) Vertical pressure in metal sheet sandwich and shear stress between base and clad 
sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.12 Slab stress state of metal sheet sandwich in roll gap by overall thickness 
reductions 30%, 40%, and 50% 
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Figure 4.13 The dependence of RYL and RRSL on total thickness reduction 
 
Figure 4.14 The dependence of RETL and RCL on total thickness reduction
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The effect of the overall thickness reduction ratio on those characteristic relative 
lengths is illustrated in Figure 4.13 and Figure 4.14. It can be observed that RETL, RYL, 
and RCL increase and the increasing rate decreases as the rolling thickness reduction 
increases. RRSL decreases with the increase of the rolling thickness reduction. As 
shown in Figure 4.13, RYL curve and RRSL curve would intersect approximately at the 
overall thickness reduction 10% as the RYL decreases and RRSL increases with the 
decrease of the overall thickness reduction ratio. It indicates the harder metal sheet will 
not yield before the neutral point if the overall thickness reduction ratio is lower than 
10%. Since the rolling pressure decreases after the neutral point, it indicates that the 
harder metal sheet does not yield during the rolling process and hence the atomic metal 
bond will not occur. Therefore, the intersection point of RYL and RRSL curves versus 
the overall thickness reduction actually identifies the minimum thickness reduction to 
provide necessary condition for the atomic metal bond. In Figure 4.14, it can be seen that 
RCL increases with more overall thickness reduction ratio. Since the atomic metal 
bonding occurs in RCL area, the larger RCL is preferred in the roll bonding process of 
the metal sheet sandwich. 
4.7.2 Effect of the initial component sheets’ thickness ratio  
In practical applications, the component layers of the metal sheet sandwich could 
have various thicknesses upon their functionality and cost control. In a roll bonding 
process, the thickness ratio of a component layer to the total structure will influence the 
stress and bonding state of the metal sheet sandwich. The effect of the initial soft metal  
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
 
Figure 4.15 Slab stress state of metal sheet sandwich in roll gap by clad metal thickness 
ratios 0.5, 0.7, and 0.9  
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Figure 4.16 The dependence of RYL and RRSL on thickness ratio of clad metal 
 
Figure 4.17 The dependence of RETL and RCL on thickness ratio of clad metal
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thickness ratio on the slab stress state and the characteristic relative lengths is analyzed 
through the proposed model and is illustrated in Figure 4.15-Figure 4.17. It could be 
expected that more thickness ratio of the soft layer in the sandwich structure will cause 
less rolling force and hence less pressure on the rolling specimen. Figure 4.15-(a) 
quantitatively shows how the pressure on the component sheets and the shear stress at 
the interface are reduced by increasing the thickness of the soft layers. It can also be 
observed, in Figure 4.15-(a), that the horizontal stress on the component sheets is 
increased as the soft layer thickness ratio increases. Figure 4.16 shows that the yielding 
of the hard sheet occurs later in the rolling process until the soft layer thickness ratio 
goes up to 0.7. When the soft layer thickness ratio is greater than 0.7, the yielding 
position of the hard sheet gets closer to the entrance. The RRSL curve shows that the 
neutral point moves closer to the entrance as the soft layer thickness increases but the 
change is insignificant. 
 Figure 4.17 shows that the RETL almost linearly decreases as the soft layer 
thickness ratio increases. It means the position where the exposed soft aluminum contact 
the hard sheet surface becomes farther from the entrance with the higher thickness ratio 
of soft sheets. The reason is that the pressure driving exposed metal extrusion through 
oxide crevice is reduced as shown in Figure 4.15-(a). It can also be seen in Figure 4.17 
that the RCL decreases first and then increases as the soft layer thickness ratio increases. 
The minimum RCL is achieved when soft layer thickness ratio is around 0.7.  
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4.7.3 Effect of the roll radius 
With the constant initial thickness of metal sheets and thickness reduction in the 
roll bonding process, roll radius will determine the contact length. It can be expected that 
the contact length will increase with larger rolls. The stress state and hence the bonding 
state will also be influenced. The effect of the roll radius on the roll bonding of the metal 
sheet sandwich is analyzed by the proposed model using three rolls with different roll 
radii. Results are provided in Figure 4.18-Figure 4.20. It can be observed in Figure 4.18 
that the pressure is increased by using larger rolls while the horizontal stresses on 
component sheets are decreased. Although the shear stress at interface does not change 
significantly, the yielding of the hard sheet occurs at different RYL and the neutral point 
changes position. As shown in Figure 4.19 and Figure 4.20, RYL, RRSL, RETL, and 
RCL are all increased by using larger rolls, and RETL is slightly changed. It indicates 
that, even though the larger roll radius-to-sandwich thickness ratio increases the rolling 
pressure (and hence rolling force), it promotes bonding state by increasing RYL and 
RCL. In addition, the increased contact length will make plastic deformation of the metal 
sheets smoother and hence prevent the rolled metals from cracking in the roll bonding 
process. 
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.18 Slab stress state of metal sheet sandwich in roll gap at R/hi=20, 40, and 80 
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Figure 4.19 The dependence of RYL and RRSL on R/hi 
 
Figure 4.20 The dependence of RETL and RCL on R/hi  
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4.7.4 Effect of flow stress mismatch of component layers 
The flow stress mismatch of component layers in a metal sheet sandwich is 
characterized by the flow stress ratio of the hard metal to the soft metal. For example, in 
the previous sections, the hard metal layer is stainless steel and the soft metal layer is 
aluminum. The flow stress ratio is assumed to be constant 2.64 for analytical 
simplification. In order to analyze the feasibility of the roll bonding of various metal 
sheets, various flow stress ratio is considered in the analytical model. The effect of flow 
stress ratio on the slab stress state and the bonding state is depicted in Figure 4.21-Figure 
4.23. Since the stress result is normalized by the soft sheet’s flow stress, the higher flow 
stress ratio means the higher flow stress of the hard sheet. As shown in Figure 4.21, the 
rolling pressure increases as the flow stress ratio increases. The horizontal stress on the 
hard sheet becomes greater tensile stress while the horizontal stress on the soft sheets 
becomes larger compressive stress as the flow stress ratio increases. It can be seen in 
Figure 4.22 and Figure 4.23 that the RYL, RRSL and RCL are reduced by increasing 
flow stress ratio. This is because the increase of flow stress of the hard sheet will require 
more pressure to make hard sheet yield and extrude to contact the other metal. Since the 
soft metal usually extrudes through the crevice between its oxide film fragments and 
contacts the hard sheet surface before hard sheet yields, the increase of flow stress of 
hard sheet does not affect the RETL, as shown in Figure 4.23. 
 
  
 98
 
(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.21 Slab stress state of metal sheets in roll gap at kb/kc=1.5, 2.5, and 3.5 
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Figure 4.22 The dependence of RYL and RRSL on kb/kc 
 
Figure 4.23 The dependence of RETL and RCL on kb/kc  
0.4
0.6
0.8
1
R
Y
L
   RYL
1.5 2 2.5 3 3.5 4
0.35
0.36
0.37
0.38
Flow stress ratio of hard metal to soft metal, kb/kc
R
R
S
L
RRSL
0.9
0.905
0.91
0.915
0.92
R
E
TL
RETL
1.5 2 2.5 3 3.5 4
0.2
0.4
0.6
0.8
1
Flow stress ratio of hard metal to soft metal, kb/kc
R
C
L
   RCL
 100
4.7.5 Effect of the friction condition 
Because the loading condition in a roll bonding process usually leads to the plastic 
deformation of the contacting surfaces, the frictions between the rolls and the cladding 
sheets as well as between the base and cladding sheets are defined by Eq. (4.30)-(4.33). 
It needs to be noted that the friction coefficients used in Eq. (4.32) and (4.33) are not 
coefficient of Coulomb friction. The coefficients of friction (COF) µrc and µbc used here 
relate the shear stress between contacting surfaces to the pure shear yielding stress of the 
softer material. The effect of the friction condition between the base and cladding sheets 
on the slab stress state and the bonding state of metal sheet sandwich is illustrated in 
Figure 4.24-Figure 4.26, when the COF µrc is fixed at constant 0.9. Similarly, the effect 
of the friction condition between the rolls and the cladding sheets is illustrated in Figure 
4.27-Figure 4.29, when the COF µbc is fixed at constant 0.6.   
In Figure 4.24, the results show that the COF between the base and cladding sheets 
seriously affects the slab stress before the yielding point of the hard metal sheet while 
slightly changes the stress after the yielding point of the hard metal sheet. Greater COF 
between the base and cladding sheets leads to higher rolling pressure on the specimen 
before the yielding point of the hard metal. It also causes higher horizontal tensile stress 
on the base sheet and higher compressive stress on the cladding sheets before the 
yielding point of the hard metal sheet. As the COF between the base and cladding sheets 
increases, the yielding point of hard metal sheet becomes obviously closer to the 
entrance while the neutral point does not change significantly. This effect can also be 
observed in Figure 4.25 and Figure 4.26. RYL and RCL are increased significantly with  
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.24 Slab stress state of metal sheet sandwich in roll gap at µbc=0.3, 0.6, and 0.9 
(µrc=0.9 is fixed) 
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Figure 4.25 The dependence of RYL and RRSL on µbc (µrc=0.9 is fixed) 
 
Figure 4.26 The dependence of RETL and RCL on µbc (µrc=0.9 is fixed) 
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.27 Slab stress state of metal sheet sandwich in roll gap at µrc=0.3, 0.6, and 0.9 
(µbc=0.6 is fixed) 
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Figure 4.28 The dependence of RYL and RRSL on µrc (µbc=0.6 is fixed) 
 
Figure 4.29 The dependence of RETL and RCL on µrc (µbc=0.6 is fixed) 
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greater COF between the base and cladding sheets while RRSL and RETL are only 
slightly increased. Those results can be easily understood since the COF only has effect 
on the interactive loading when the contacting pair of metal sheets has relative motion to 
each other before the hard metal yields. 
As shown in Figure 4.27, the COF between the rolls and the cladding sheets 
influences the slab stress state of the metal sheet sandwich through all the contacting 
length. The rolling pressure on the specimen and the friction or shear stress at the 
interface are increased through higher COF between the rolls and cladding sheets, while 
the horizontal stress on the base and cladding sheets are decreased. It can be observed in 
Figure 4.28 and Figure 4.29 that RYL, RRSL, and RCL are increased by higher COF 
between the rolls and cladding sheets. Since the soft metal sheets always yield in the roll 
gap, the increase of COF between rolls and clad sheets don’t have significant effect on 
RETL, as shown in Figure 4.29.  
Considering the necessary plastic deformation to activate the roll bonding of metal 
sheets, the effect analysis of the friction conditions indicates that the increase of COF 
both between component layers and between the rolls and the cladding sheets will 
promote the roll bonding of metal sheet sandwich. The increase of COF between the 
base and cladding sheets slightly increases the rolling force while the increase of COF 
between rolls and clad sheets will significantly increase the requirement of the rolling 
force and hence the rolling power. 
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4.7.6 End tension effect 
In the proposed model, the end-tensions are applied as qic and qib at the input end, 
as well as qo at the exit end, as shown in Figure 4.1. The effect of the pull-back tension 
on the input end of the soft clad sheet is illustrated in Figure 4.30-Figure 4.32. It can be 
observed that, as qic increases, the vertical pressure on specimen is reduced before 
neutral point while the horizontal stresses on the base and cladding sheets are increased. 
The stress state after the neutral point is not affected significantly. From Figure 4.31 and 
Figure 4.32, it can be seen that all of the RYL, RRSL, RETL, and RCL are reduced with 
more end-tension on the soft cladding sheets at the entrance. The end-tension qic makes 
clad sheets yield more easily. Thus it actually has equivalent effect as the increase of the 
flow stress mismatch between the hard base sheet and the soft cladding sheets. 
Therefore, the end-tension qic on the soft cladding sheets makes the roll bonding more 
difficult, which is not recommended for the roll bonding of the metal sheet sandwich. On 
the other hand, the end-tension qib on the hard base sheet at the entrance helps the base 
sheet to yield, which is equivalent to decrease the flow stress mismatch between the base 
and cladding sheets. The effect of the end-tension on the hard base sheet at entrance is 
illustrated in Figure 4.33-Figure 4.35. It could be expected that the pressure on the 
specimen is decreased, as shown in Figure 4.33. The horizontal stresses on the base and 
cladding sheets increase due to the end-tension loading qib. The stress state of the 
specimen is affected insignificantly by the end-tension qib on the base sheet, just as by 
the end-tension qic. Figure 4.32 and Figure 4.33 show that the RYL and RCL are 
increased by the end-tension qib. So the end-tension on the hard base sheet is preferred  
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.30 Slab stress state of metal sheet sandwich in roll gap at qic /2kc=0, 0.4, 0.8  
(qib = qo = 0) 
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Figure 4.31 The dependence of RYL and RRSL on qic (qib = qo = 0) 
 
Figure 4.32 The dependence of RETL and RCL on qic (qib = qo = 0) 
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.33 Slab stress state of metal sheet sandwich in roll gap at qib /2kc=0, 0.6, 1.2 (qic 
= qo = 0) 
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Figure 4.34 The dependence of RYL and RRSL on qib (qic = qo = 0) 
 
Figure 4.35 The dependence of RETL and RCL on qib (qic = qo = 0) 
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(a) Vertical pressure in metal sheets and shear stress between base and clad sheets 
 
(b) Horizontal stress on base and clad sheets 
Figure 4.36 Slab stress state of metal sheet sandwich in roll gap at qo /2kc=0, 0.4, 0.8 (qib 
= qic = 0) 
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Figure 4.37 The dependence of RYL and RRSL on qo (qib = qic = 0) 
 
Figure 4.38 The dependence of RETL and RCL on qo (qib = qic = 0) 
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for the roll bonding of the metal sheet sandwich. 
The combined effect of the end-tensions on RYL can also be mathematically 
illustrated. Eq. (4.39) can be rearranged as:   
 ( ) ( ) ( )2 2c y y ib ic bk f x F x q q k= + − −  (4.51) 
where F(xy) is a function independent of qib, qic, and kb.  
It can be seen from Eq. (4.51) that the solution xy of f(xy) =0 depends on the 
constant ( )2ib ic bq q k− − . It indicates that the difference ( )ib icq q−  can counteract the 
increase of the flow stress of the hard base sheet kb. Therefore, the end-tension can 
promote the roll bonding of dissimilar metal sheets as long as the end-tension on the 
hard base sheet is greater than those on the soft clad sheets.  
The effect of the end-tension at the exit on the stress and bonding state of the metal 
sheet sandwich is illustrated in Figure 4.36-Figure 4.38. The results show that the end-
tension at the exit only influences the stress state of metal sheets after the neutral point. 
The end-tension qo at the exit reduces the rolling pressure on the specimen after the 
neutral point. It is obvious that the end-tension loading at the exit will increase the 
horizontal stress of metal sheets but the effect only occurs after the neutral point as 
shown in Figure 4.36. From Figure 4.37, it can be observed that the RRSL increases as 
the end-tension at the exit increases. It means the neutral point is moving farther from 
the exit. Since the soft metal extrusion through crevices, the yielding of the hard metal 
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sheet and the contacting of the extruded metals in this analysis occur before the neutral 
point, the end-tension at the exit does not affect RYL, RETL and RCL as shown in 
Figure 4.37 and Figure 4.38. However, the end-tension at the exit can be applied if the 
rolling power is limited when the roll bonding of dissimilar metal sheets is performed. In 
industrial, the end-tension either at the entrance or the exit to promote the roll bonding of 
metal sheets can be achieved by changing the input or output coiling velocity relative to 
the rolling velocity. 
4.8 Summary 
The fracture of the oxide film on the metal sheet’s surface and the exposed metal 
extrusion through the crevice between oxide fragments in a rolling process were 
quantitatively evaluated. With the integration of the oxide film fracture and the exposed 
metal extrusion, a model based on the slab method was developed to describe the stress 
and bonding state of the metal sheet sandwich. The proposed analytical model was 
solidified by FEA of the metal sheet sandwich rolling. The analytical approach can 
quickly provide the stress and bonding information to help understand the roll bonding 
mechanism of clad metals. The effect of various rolling conditions, such as, thickness 
reduction ratio, the ratio of initial sheets’ thickness, roll radius, the flow stress mismatch 
of component metal sheets, the friction coefficients between the rolls and the cladding 
sheets as well as between the base and cladding sheets, and the end-tensions on the stress 
state and bonding state of the metal sheet sandwich was investigated. Based on the 
analytical results, the following conclusions were reached. 
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Higher thickness reduction increases the relative bonding length and hence 
promote the roll bonding of metal sheets; The thicker soft cladding sheets are preferred 
to make more relative bonding length and less shear stress between the bonded base and 
cladding sheets; The larger rolls are also a positive factor to the roll bonding of a soft-
hard-soft sheet sandwich. Flow stress mismatch of component layers increases the 
difficulty in the roll bonding of a metal sheet sandwich. Friction between the base and 
cladding sheets promotes the increase of the relative bonding length while the friction 
between the rolls and the cladding sheets reduces the relative bonding length and 
increase the shear stress between the bonded base and cladding sheets; Application of 
the end-tension on the hard base sheet can release the flow stress mismatch of the base 
and cladding sheets, therefore it is necessary to bond the base and cladding sheets, 
especially when the flow stress mismatch of the component layers is serious. 
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 CHAPTER V 
 
EXPERIMENTAL ESTIMATION OF DIFFUSIVITY 
In the roll bonding process of clad metals, the mechanical loading is applied to 
create the intimate contact of dissimilar metals for diffusion bonding and the thermal 
loading is considered to be the drive of solid diffusion. In this chapter, a diffusion model 
is developed based on Fick’s laws to describe the diffusion process during the roll 
bonding process and a diffusivity model is established to extract the diffusion 
coefficients from the experimental measurement of roll bonded specimens. The 
corresponding experimental measurement will be described in this chapter. 
5.1 Theoretical Diffusion & Diffusivity Model Based on Fick’s Law 
Fick’s law can be applied to characterize the diffusion process during the roll 
bonding process. Fick’s second law gives the diffusion equation  [66]: 
 
( )c D c
t
∂ = ∇ ⋅ ∇∂  (5.1) 
where c is the concentration of chemical composition, t is time and D is the diffusion 
coefficient. If D depends on c, Eq. (5.1) is a non-linear second-order partial differential 
equation which usually cannot be solved analytically. The concentration dependent 
diffusivity is usually denoted as the inter-diffusion coefficient. If D is independent of c, 
Eq. (5.1) can be simplified to  
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c D c
t
∂ = ∆∂  (5.2) 
where, Δ  denotes the Laplace operator. This diffusion equation becomes a linear 
equation. For many cases with specified boundary and initial conditions, analytical 
solutions are available. 
 
Figure 5.1 The diffusion pairs of sheet metals for roll bonding 
For a roll bonding process, the diffusion occurs between two sheet metals as 
shown in Figure 5.1. The boundary and initial condition of the element B can be 
illustrated by Figure 5.2 and described by Eq.(5.3). The boundary and initial condition of 
the element A is complementary to those of the element B.   
 
     for 0, at 0
    for 0, at 0
c c x t
c c x t
−
+
= < =
= > =  (5.3) 
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Figure 5.2 The boundary condition for element B at t =0 
Theoretically, it can be predicted that the concentrations of the elements A and B 
do not change with respect to the direction of the axis z or the axis x. If the diffusivity is 
independent of concentration, Eq. (5.2) becomes one dimensional linear diffusion 
equation 
 
2
2
c cD
t x
∂ ∂=∂ ∂  (5.4) 
with the introduction of error function 
 
2
0
2( ) exp( )
z
erf z dη ηπ= −∫  (5.5) 
The solution of Eq. (5.4) is Eq. (5.6) and it can be illustrated in Figure 5.3. 
x
c 
0 
c+ 
x=0
c- 
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( ),
2 2 2
2 2
c c c c xc x t erf
Dt
c c xc erfc
Dt
+ − + −
+ −
+
+ − ⎛ ⎞= + ⎜ ⎟⎝ ⎠
− ⎛ ⎞= − ⎜ ⎟⎝ ⎠
 (5.6) 
The error function has the property:  
 ( ) ( )erf z erf z− = −  and ( ) [ ]1,1erf z ∈ −  for ( ),z∈ −∞ +∞  (5.7) 
The complementary error function is defined as: 
 ( ) ( )1erfc z erf z= −  (5.8) 
 
Figure 5.3 The solution of 1-D linear diffusion equation for a rolling boundary condition 
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From the solution Eq.(5.6), it can be derived that: 
 
( )
2
1
1
,
2 2
xD
t c c x t
erfc
c c
+
−
+ −
⎛ ⎞⎜ ⎟⎜ ⎟= ⎜ ⎟⎛ ⎞−⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
 (5.9)
 
This derivation can only be applied while ( )0, 0 and ,
2
c ct x c x t
+ −+≠ ≠ ≠ . In a 
diffusion process, time t is always positive. The application of this formula only needs to 
avoid x=0, where theoretically ( ),
2
c cc x t
+ −+= . Therefore, given any concentration 
profile of an element in a diffusion process, the diffusivity D can be derived by applying 
Eq. (5.9) at any point x with concentration ( ),c x t  in the diffusion path except the point 
x=0. Moreover, the diffusivity D(x) is theoretically constant along the entire diffusion 
path. However, in reality, the concentration distribution of diffusion elements can never 
be measured with absolute accuracy and neither the practical diffusion process occurs 
perfectly according to Fick’s law. Therefore, the oscillation of diffusivity D with respect 
to x is expected when Eq. (5.9) is applied to determine the diffusivity of a diffusion 
process. Then, a statistical analysis of the oscillation is required to obtain a reasonable D. 
Boltzmann studied the effect of the temperature on increasing the energies of gas 
molecules  [130]. His statistical analysis shows that the probability P of finding a 
molecule or atom at an energy level E* greater than the average energy E  of all the 
molecules or atoms in a system at a particular temperature T in Kelvin was 
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 ( )* /  E E kTP e− −∝  (5.10) 
where k = 1.38×10-23 J/ (atom · K) is Boltzmann’s constant. 
Svante August Arrhenius (1859-1927) experimentally found that the rate of many 
chemical reactions as a function of temperature could be expressed as following [130]: 
 /0
Q RTV V e−=  (5.11) 
where    V = rate of reaction 
      Q = activation energy, J/mol or cal/mol 
      R = 8.314 J/(mol · K) or 1.987 cal/(mol · K) is universal gas constant 
      T = absolute temperature (K) 
      V0 = rate constant, independent of temperature 
 
Both the Boltzmann equation and the Arrhenius equation imply that the reaction 
rate among atoms or molecules in many cases depends on the number of reacting atoms 
or molecules that have activation energies of E* or greater. The rates of many solid-state 
reactions obey the Arrhenius rate law, and hence the Arrhenius Eq.(5.11) is often used to 
analyze experimental solid-state diffusion rate data. 
According to the Arrhenius equation, it can be seen that the diffusivity D depends 
on the material properties including the diffusion activation energy Q and the diffusion 
rate constant D0, and the thermal loading condition T. Given a diffusion process, the 
diffusion pair is selected and hence the Q and D0 are determined but the values are 
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unknown. In order to characterize the diffusion property of a pair of diffusants, at least 
two temperatures T1, T2 need to be applied and then two independent Arrhenius 
equations can be obtained. 
 
1
2
/
1 0
/
2 0
Q RT
Q RT
D D e
D D e
−
−
⎫= ⎬= ⎭
 (5.12) 
The diffusion properties Q and D0 can be derived by solving the Eq. (5.12): 
 2 1 1 2
1 1
1 / 1 /
0 1 2
T T T TD D D− −=  (5.13) 
 1 21 2
1 2
ln lnD DQ TT
R T T
−= −  (5.14) 
Given the diffusion property D, Eq.(5.1) to Eq.(5.6) can describe the diffusion 
process. The diffusion coefficients D0 and Q can be determined by Eq.(5.9) to Eq.(5.14) 
if the diffusion process is a perfectly linear diffusion. In reality, a roll bonding process is 
not a perfectly linear diffusion and the temperature cannot keep perfectly constant due to 
the strain energy generated by severe deformation and the environment variation 
including the heat transfer from rollers and the working atmosphere. Therefore, some 
modification is required such that the diffusivity could be obtained via experiments and 
the diffusion model could be applied in a practical diffusion process. 
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5.2 Modified Diffusivity Model for Roll Bonding Process 
The solutions of the diffusion Eq.(5.4) with the boundary and initial condition 
Eq.(5.3) are shown in Eq.(5.6) and Eq.(5.9). The boundary and initial condition are 
ideally assumed that the diffusion starts just when the two diffusion components contact 
each other and that the temperature T is kept constant during the entire diffusion process. 
While the initiation of the diffusion occurs during rolling, the major diffusion occurs 
during the reheating after rolling. Considering the factor of the severe plastic 
deformation and the oscillation of temperature during rolling, the diffusion model (5.4) 
cannot accurately describe the diffusion process during rolling. Furthermore, although 
the reheating provides a better temperature control, the initial condition of reheating is 
not the initial condition of Eq.(5.3) and hence the solution Eq.(5.6) and Eq.(5.9) are not 
directly applicable to describe the diffusion process during the reheating process. 
It can be seen that the characteristic parameter of the solution Eq.(5.6) to the 
diffusion model Eq.(5.9) is the product of the diffusion coefficient D and the diffusion 
time t. In other words, the diffusion result will be the same if the product of D and t are 
kept the same. One diffusion state can be achieved through different approaches. For 
example, with different diffusion coefficients D(T1) and D(T2), the same diffusion state 
can be achieved by controlling the diffusion time such that c(x,t1)=c(x,t2), as long as 
D(T1)× t1= D(T2)× t2. Therefore, even though the temperature varies in a rolling process, 
the diffusion state after rolling can be expressed by a diffusion coefficient D* at a 
constant temperature and the corresponding time t*. 
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If the factor of the temperature oscillation and the plastic deformation during 
rolling are considered, the diffusion result is determined by the product of diffusivity 
Drolling and rolling time trolling. On the other hand, the same diffusion result can also be 
achieved by a heating process with the diffusivity Dheating  and the heating time theating as 
long as the product Drollingtrolling and product Dheatingtheating have the same value. This 
heating characteristic (product of diffusivity and diffusing time) is defined as the 
effective characteristic parameter ( )effheatingDt  and the heating time is defined as effective 
heating time efft . 
Because the temperature in the heating process is easier to control than that in the 
rolling process, the effective heating characteristic parameter ( )effheatingDt  will be used to 
describe the initial diffusion process in rolling. To distinguish the c(x,t) at different 
temperatures, c(x,T,t) is used here to describe the distribution of the concentration. When 
the rolling and subsequent reheating occurs at the same temperature T1, the diffusion 
result after rolling can be expressed with effective heating parameters as following: 
 
( ) ( )
2
1 1
1 11
, ,
2 2
eff
eff
xD T t
c c x T t
erfc
c c
+
−
+ −
⎛ ⎞⎜ ⎟⎜ ⎟= ⎜ ⎟⎛ ⎞−⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
 (5.15) 
With the effective description of the rolling process by heating parameters, the 
diffusion result after reheating at the same temperature T1 and reheating time t1 can be 
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considered as a whole heating process within the heating time ( )1 1efft t+ . Then the 
solution (5.6) can be applied and the diffusion result is provided as following:   
 
( )( ) ( )
2
1 1 1
1 1 11
, ,
2 2
eff
eff
xD T t t
c c x T t t
erfc
c c
+
−
+ −
⎛ ⎞⎜ ⎟⎜ ⎟+ = ⎜ ⎟⎛ ⎞− +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
 (5.16) 
At the rolling and reheating temperature T1, the diffusivity ( )1 1D D T=  can be 
determined by Eq. (5.15) and (5.16) as following: 
  
( )
( ) ( )
1 1
2 2
1 1 1 1 1 11 1
1
, , , ,
2 2 2 2
eff eff
D D T
x x
t c c x T t t c c x T t
erfc erfc
c c c c
+ +
− −
+ − + −
=
⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟= −⎜ ⎟ ⎜ ⎟⎜ ⎟⎛ ⎞ ⎛ ⎞− + −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟− −⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
 (5.17) 
In an experiment including the rolling and the reheating process, the distribution of 
the concentration ( )1,rollingc x T  of a diffusing element after rolling and ( )1,reheatingc x T  
after reheating can be measured by X-ray microanalysis. Applying the Eq. (5.17), the 
diffusion coefficient D1 can be determined by the experimental data ( )1,rollingc x T  and 
( )1,reheatingc x T : 
 126
   ( ) ( )
2 2
1
1 1 11 1
1
, ,
2 2 2 2reheating rolling
x xD
t c c x T c c x T
erfc erfc
c c c c
+ +
− −
+ − + −
⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟= −⎜ ⎟⎜ ⎟ ⎜ ⎟⎛ ⎞ ⎛ ⎞− −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟− −⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
 (5.18)
 
Similarly, another experiment at a different temperature T2 in the same procedure 
can determine the diffusion coefficient D2:  
 ( ) ( )
2 2
2
2 2 21 1
1
, ,
2 2 2 2reheating rolling
x xD
t c c x T c c x T
erfc erfc
c c c c
+ +
− −
+ − + −
⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟= −⎜ ⎟⎜ ⎟ ⎜ ⎟⎛ ⎞ ⎛ ⎞− −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟− −⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
 (5.19)
 
Substituting Eq. (5.18) and Eq. (5.19) into Eq. (5.13) and Eq. (5.14), the diffusion 
rate constant D0 and the diffusion activation energy Q can be determined.  
It is worth noting that the ( )1,rollingc x T  and ( )1,reheatingc x T  have to be defined in the 
same coordinate system. So the location of the coordinate origins plays an important role 
in the application of this diffusivity model. The detailed discussion of the location of the 
initial contact plan of a diffusion couple can be found in  [131]. From the modeling 
procedure, it can be seen that the initial diffusion bonded condition is not limited to the 
rolling initiation of the diffusion bonding. Any diffusion bonded sample can be tested 
before heating treatment and then be put into a heating diffusion process. As long as the 
diffusion state before and after the heating treatment at (at least) two temperature T1 and 
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T2 can be measured, the diffusivity constant D0 and the diffusion activation energy Q can 
be determined. 
5.3 Experimental Estimation of Diffusivity 
In practice, the experimentally measured element distribution across the diffusion 
zone is fluctuating, as shown in Figure 5.4. Obviously, the fluctuation of the element 
distribution results from the testing noise. In this case, it is proposed to determine the 
diffusivity by measuring the diffusion length-LD (the thickness of diffusion zone across 
the interface) with certain tolerance, as illustrated in Figure 5.5.  
 
Figure 5.4 X-ray microanalysis of elements across diffusion zone of a bonding interface 
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                         Table 5.1 Tabulation of error function values 
z erf(z) z erf(z) 
0 0 1.4 0.9523 
0.1 0.1125 1.5 0.9661 
0.2 0.2227 1.6 0.9763 
0.3 0.3286 1.7 0.9838 
0.4 0.4284 1.8 0.9891 
0.5 0.5205 1.9 0.9928 
0.6 0.6039 2.0 0.9953 
0.7 0.6778 2.1 0.9970 
0.8 0.7421 2.2 0.9981 
0.9 0.7969 2.3 0.9989 
1.0 0.8427 2.4 0.9993 
1.1 0.8802 2.5 0.9996 
1.2 0.9103 2.6 0.9998 
1.3 0.9340 2.7 0.9999 
 
The tabulation of error function-erf(z) values is provided in Table 5.1. Considering 
the fluctuating amplitude in experimental results as shown in Figure 5.4, a tolerance φ  
needs to be specified in order to measure the diffusion length LD. According to Eq. (5.6) 
and Table 5.1, then the relationship between the diffusion length and the diffusion 
coefficient can be determined by: 
 
( )
2
1, 1 1
2 4D
D
Lx
Lc x t erf
Dt
φ=
⎛ ⎞⎛ ⎞= − = +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠  (5.20) 
The diffusion coefficient D can be solved by Eq.(5.20): 
 
( )( )
2
2116 1 2
DLD
erf tφ−= −  (5.21)
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Figure 5.5 Illustration of an element concentration distribution across a diffusion 
interface 
Similarly, the diffusion coefficient D(T) can also be determined by the diffusion 
length at the same temperature-T with different heat treatment time t1 and t2. 
 ( ) ( ) ( )( )( ) ( )
2 2
1 2
21
1 2
, ,
16 1 2
D DL T t L T tD T
erf t tφ−
−=
− −  (5.22) 
When the tolerance is set to be 8%, Eq. (5.21) is specified as: 
 ( ) ( ) ( )( )
2 2
1 2
1 2
, ,
16
D DL T t L T tD T
t t
−= −  (5.23) 
Considering the effect of X-ray interaction volume within the target sample, Eq. 
(5.21) is used instead of Eq. (5.20).  This method applies different diffusion time at the 
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same temperature to characterize the diffusion coefficient. Thus the estimation method 
of the diffusion coefficient is denoted as differential characterization method for 
diffusion coefficients. This method only needs the difference of diffusion times, but not 
the accurate absolute diffusion time. Therefore, the difficulty in experiment 
measurements is significantly reduced. 
The apparent diffusion lengths of Fe and Al reheated at the temperature 400oC and 
300oC respectively were determined by EDS testing and it is provided in Table 5.2. Then 
the diffusion coefficients at the temperature of 400oC and 300oC can be calculated by 
Eq. (5.22). Substituting those values into Eq. (5.13) and Eq. (5.14), the diffusivity can be 
determined. The results are provided in Table 5.3. 
Table 5.2 The apparent diffusion length of Fe and Al determined by EDS, unit: µm 
Temperature: oC 400 320 
Time: min 30 480 30 120 
Fe 1.95±0.09 3.68±0.23 1.80±0.29 2.24±0.28 
Al 2.28±0.20 6.85±0.36 3.76±0.18 4.59±0.73 
 
 
    Table 5.3 The diffusion coefficients of elements in diffusion interface of Al-SST 
Diffusant 
element Matrix 
D(T=400oC) D(T=320oC) D0 Q/R 
µm2/min µm2/min µm2/min K 
Fe  
(of SST304) Al 1100 1.35E-03 1.21E-03 3.08E-03 553.34 
Al SST 304 5.79E-03 4.81E-03 2.26E-02 918.47 
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Since the D0 and Q/R were determined by the experimental data at the temperature 
400oC and 320oC, they could be used to predict the diffusion coefficient in the 
temperature range of 320oC -400oC. Since the temperature range is relatively small and 
the diffusion coefficients are not measurable in temperature range 240oC-320oC on 
available instruments, it is assumed that D0 and Q/R are effective in the temperature 
range of 240oC-400oC. The diffusion coefficient predicted by D0 and Q/R in the 
temperature range 240oC-400oC is hence called “effective diffusion coefficient”. 
5.4 Diffusion Boundary Analysis 
In reality, the oxide film is not perfectly flat and thus the corner of the oxide film 
fragments could be round instead of sharp. Therefore the extruded metal around the 
round corner of oxide fragments has a fillet with certain fillet radius Rf. A finite element 
simulation of a 2-D diffusion example is performed to investigate the effect of the fillet 
radius Rf on the diffusion state. In this analysis, the temperature field is defined as 
uniform T=240oC; the diffusion coefficient of SST 304 into Al 1100 is 1048 nm2/min; 
the total thickness δox of the oxide fragments is 10 nm; the aspect ratio of oxide 
fragments is 10; the contact area ratio is 10%; the diffusion is simulated in one minute. 
ABAQUS 6.91 is used to perform the FEA of the diffusion. The mass diffusion/heat 
transfer element is used. A non-dimensional variable fillet radius ratio 2Rf / δox is used 
for convenience. The result is tabulated in Table 5.4. The diffusion states for the 
diffusion pair of Al 1100 and SST 304 at 240oC for one minute with sharp (2Rf / δox= 0) 
and round corner boundaries (2Rf / δox=40%) are shown in Figure 5.6 and Figure 5.7.  
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Table 5.4 Tabulation of FEA results of 2-D diffusion front growth 
Fillet 
radius 
ratio:  
2Rf / δox 
The ratio of the elliptical radius to 
the thickness of oxide fragment Elliptical radius ratio 
ξ / η 
The ratio diffusion front 
surface to the apparent 
interface Vertical 
η / δox 
Horizontal 
ξ / δox 
0 2.77 2.72 0.9850 0.4311 
20% 2.77 2.72 0.9850 0.4311 
40% 2.84 2.80 0.9840 0.4426 
60% 2.91 2.86 0.9818 0.4527 
80% 3.00 2.96 0.9861 0.4679 
98% 3.11 3.05 0.9794 0.4839 
 
 
 
Figure 5.6 The diffusion state with sharp corner boundary 
 
 133
 
Figure 5.7 The diffusion state with round corner boundary, 2Rf / δox=40% 
 
The results show that the diffusion front surface ratio only increases by 0.05 (12%) 
as the fillet radius ratio (2Rf / δox) changes from 0 to 98%. It indicates that the fillet 
radius of the diffusion boundary around the corner of oxide fragments doesn’t have 
significant effect on the diffusion front surface growth. 
5.5 Summary 
The diffusion zone at the bonding interface of clad metals was characterized by X-
ray microanalysis. In order to reduce the effect of the interaction of incident electrons 
with the graded interface, a differential characterization method was developed to 
estimate the diffusion coefficient for the diffusion pair of aluminum 1100-O and 
stainless steel 304. Using this method, X-ray microanalysis yields the diffusivity of 
stainless steel 304 in aluminum 1100-O D0= 3.08×10-3 µm2/min and Q/R=553.34 K. The 
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finite element simulation of the diffusion evolution with varying boundary fillet radius 
ratios was performed to investigate the effect of the fillet radius ratio on the diffusion 
front surface growth. The simulation results show that the fillet radius have insignificant 
effect on the diffusion results.  
 
 
  
 135
CHAPTER VI 
 
THE BONDING STRENGTH MODEL 
In Chapter III, the thermo-mechanical bonding mechanism for roll cladding metals 
is introduced to qualitatively interpret the roll bonding properties based on experimental 
response data. In Chapter IV, the rolling plastic deformation of metal sheets, the fracture 
of oxide film and the exposed metal extrusion were analyzed by an analytical model. 
The effect of rolling thickness reduction, the flow stress mismatch of component sheets, 
and other rolling conditions on metal contact initiation was also quantitatively described. 
In Chapter V, the X-ray microanalysis of the diffusion bonding interface was performed. 
The effective diffusivity was extracted from EDS scanning data. The effective 
diffusivity can be used to simulate the diffusion front growth. In this chapter, the 
thermo-mechanical loading will be considered simultaneously. The relationship between 
the thermo-mechanical rolling conditions and the roll bonding property of dissimilar 
metal sheets will be established. 
6.1 Rolling Mechanics in Roll Bonding Process  
In the roll bonding mechanics model, it is illustrated that the contact area ratio of 
exposed metals is determined by the thickness reductions of both Al 1100 and SST 304 
and that the thickness reductions of Al 1100 and SST304 are different from the overall 
thickness reduction. Considering the contacting probability of exposed Al 1100 and SST 
304, the contact area ratio of exposed metals is defined as following 
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 Al SSTa a a= ⋅  (6.1) 
where aAl is the exposed Al 1100 area ratio and aSST is the exposed SST 304 area ratio. 
The rolled metal sheets are considered as incompressible materials. According to the 
volume conversation law, the metal exposure ratio is equal to the thickness reduction 
ratio of the metal. Thus the Eq. (6.1) can be expressed as: 
 , ,t Al t SSTa r r= ⋅  (6.2) 
Here rt, Al and rt, SST are the thickness reductions of component layers Al 1100 and 
SST 304 and they are function of rolling conditions involving the overall thickness 
reduction, the flow stress of component layers, the friction condition of the component 
layers’ surfaces and the rollers’ surfaces, the thickness ratio of the component layers, the 
thickness ratio of the radius to that of stacked metal sheets, as discussed in Chapter IV. 
6.2 Diffusion Evolution in Roll Bonding Process  
In the previous chapters, the diffusion process at the interface between contacting 
metals was described. In order to solve the diffusion evolution more efficiently, certain 
approximations are applied. The diffusion satisfies the diffusion governing Eq. (4.2). 
Since the total thickness of the metal sheets is small relative to the width and the length, 
the following condition is also satisfied: 
 
2
2 0
c
z
∂ =∂  (6.3) 
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Therefore, the diffusion field can be considered as a 2-D problem. 
 
Figure 6.1 A diffusion state at a bonding interface between Al 1100 and SST 304 
Figure 6.1 shows a symmetrical representative volume element for the diffusion 
between the dissimilar metals. The half plane of the representative volume element is 
shown in Figure 6.2. The symmetrical plane is defined as x-plane. The y-axis is in the 
vertical direction and y=0 is the initial contact surface of the extruded Al 1100 and SST 
304. The diffusion state is illustrated by the normalized concentration of SST 304-
c(x,y,t). SX is the contact length of the Al 1100 and its oxide film, Sdif is the contour 
length for a particular concentration, λ is the average spacing length of oxide fragments 
(i.e. the length of the representative volume element in Figure 6.1), δ1 is the distance 
between the initial contact surface and the Al 1100-alumina interface, w is the width of 
the crevice between the oxide fragments, ξ is the maximum distance of the contour to the 
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axis-y (thus χ= ξ-w/2) and η is the maximum height of the contour above the Al 1100-
alumina interface. According to the mixture rule, the theoretical peel strength field 
Gdif(x,y,t) in the diffusion zone can be expressed as: 
 ( ) ( ) ( ), , , ,dif Al SST AlG x y t G G G c x y t= + − ⋅   (6.4) 
where GAl is the peel strength of Al 1100 and GSST is the peel strength of SST 304. 
 
Figure 6.2 Diffusion front growth in roll bonding of Al 1100 and SST 304 
It can be expected, from Eq. (6.4), that the material strength decreases to the 
strength of Al 1100 at the diffusion front of SST 304 where c(x,y,t)=0. As shown in 
Figure 6.2, the corresponding contour of the diffusion front has ξ=ξ0 and η=η0 and 
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Sdif=S0dif. Since the peel strength reaches the minimum value at the diffusion front, it is 
believed that the peeling path between Al 1100 and SST 304 in peel test will go along 
the diffusion front as shown by the red dash line in Figure 6.1. Since the alumina film 
and Al 1100 substrate have relatively sliding by extension in the rolling process, the 
peeling path would go along the interface (as shown in red solid line) between alumina 
and Al 1100 besides the diffusion front. This deduction is supported by the observation 
of the surface of SST 304 after the Al 1100 sheet is peeled off, as discussed in Chapter 
III. 
According to the conservation of energy along peeling path, the overall peel 
strength G of the representative volume element can be derived: 
 dif dif X XG G S G Sλ = +  (6.5) 
where GX is the peel strength of the interface of Al 1100 and its oxide film.  
Reformulating Eq. (6.5), the overall peel strength can be expressed as: 
 Xdif X
SG G f G λ= +  (6.6) 
where the area ratio of the diffusion front surface to the overall Al 1100-SST 304 
interface is defined as a function of the diffusion state (involving D0, Q, T and t) and the 
metal contact area ratio a. 
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 ( ), ,difSf f a T tλ= =  (6.7) 
The function of diffusion front ratio can be determined by the finite element 
simulation of a 2-D diffusion between Al 1100 and SST 304. Obviously, the function of 
diffusion front ratio is a monotonically increasing function of the diffusion temperature 
and time. In the perspective of diffusion front growth, the bonding strength in term of 
peel strength G will increase as the diffusion temperature or time increases. Meanwhile, 
the peel strength of Al 1100, GAl, is also changing during the roll bonding process. 
Initially, the peel strength of Al 1100 is increased by strain hardening due to the 
extrusion through the crevice between oxide fragments. Then the annealing effect 
decreases the peel strength of Al 1100 in the reheating treatment. Considering the strain 
hardening and annealing effect, the peel strength of Al 1100 is a function of plastic strain 
εp, heating temperature T and time t. 
 ( ), ,Al Al pG G T tε=  (6.8) 
Therefore, the peel strength Eq. (6.6) can be reformulated as 
 ( ) ( ), , , , Xdif p X SG G T t f a T t Gε λ= ⋅ + ⋅  (6.9) 
As shown in Figure 6.2, it could be expected that, when η<0, the peeling failure 
surface follows the line along the interface between Al 1100 and its oxide film. The 
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diffusion front curve length Sdif >w only if η>0. Therefore, the diffusion front ratio is 
derived as following: 
 ( )
,       when <0
, ,
,   when 0dif
a
f a T t S
η
ηλ
⎧⎪= ⎨ >⎪⎩
 (6.10) 
Based on the diffusion front growth simulation in Chapter V and the contact area 
ratio created through a rolling process in Chapter IV, the peel strength for the roll 
bonding can be estimated by Eq. (6.9) according to the minimum energy principle: 
  ( )testG MIN G=  (6.11) 
Since the diffusion front profile is in elliptical shape, it is possible that  
 1dif
S
λ >  
It will lead to  
 AlG G>  (6.12) 
In this case, the failure will occur in Al 1100 sheets in a peel test.  
As the diffusion continues, the adjacent diffusion zone will merge with each other, 
as shown in Figure 6.3. The Gtest will be approaching GAl as Sdif   approaches λ. Finally, 
the failure will also occur in Al 1100 sheets in a peel test. 
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Figure 6.3 Mergence of adjacent diffusion bonding zones  
6.3 Results and Validations for Roll Bonding Examples  
For particular cases of the rolling bonding with the thickness reduction of 30%, 
40%, and 50% at 240oC, the contact area ratio a(rt) can be solved in Chapter IV. Then 
the calculated contact area ratio specifies the boundary conditions for the 2-D diffusion 
problem as shown in Figure 6.2. With these boundary conditions, the 2-D diffusions 
were simulated through ABAQUS6.9. The numerical solutions of diffusion front 
dimensions for different contact area ratios are tabulated in Table 6.1~Table 6.3.  
Here a non-dimensional quantity is introduced to analyze the bonding strength of 
dissimilar metals through a warm rolling process:  
  ( ) ( )( ) (0, , ) (0, , )1 1 0, , dif Xc c y t c c y tG X
Al
S SG k c y t k
G λ λ
= == + − ⋅ ⋅ + ⋅  (6.13) 
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where kG = GSST / GAl and kX = GX / GAl. Since the oxide film fragments have relative 
sliding to the substrate metal and hence no metal to oxide bond attributes to the metal 
bonding  [76], it is considered that GX =0.  
 
Table 6.1 Tabulation of diffusion front dimensions for rt =30% and T=240oC 
w/2=3.1 nm, SX /2=50 nm 
(a=5.9%, D=1048 nm2/min) 
t, min ξ0 , nm η0 , nm S0dif , nm 
0.027   3.1   0.9   3.4 
0.048   5.3   4.4   7.7 
0.068   6.5   5.6   9.5 
0.088   7.4   6.8 11.1 
0.108   8.3   7.7 12.5 
0.128   8.9   8.6 13.7 
0.148   9.4   9.2 14.6 
0.248 12.1 12.1 19.0 
0.348 14.2 14.2 22.3 
0.448 15.9 15.9 25.0 
0.548 17.4 17.4 27.4 
0.648 18.6 18.6 29.2 
0.748 20.1 20.1 31.5 
0.848 21.3 21.0 33.1 
0.948 22.7 22.4 35.5 
1.048 24.2 23.3 37.3 
1.168 25.7 24.8 39.6 
1.248 26.9 25.7 41.3 
1.348 28.3 26.6 43.1 
1.448 30.1 28.0 45.7 
1.548 31.6 28.9 47.5 
1.648 33.4 30.1 49.9 
1.748 35.1 31.0 52.0 
1.848 37.2 31.9 54.3 
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Table 6.2 Tabulation of diffusion front dimensions for rt =40% and T=240oC 
w/2=6.6 nm, SX /2=50 nm 
(a=11.7%, D=1048 nm2/min) 
t, min ξ0 , nm η0 , nm S0dif , nm 
0.032   6.6   1.8   7.1 
0.063   9.4   6.6 12.7 
0.083 10.6   8.0 14.7 
0.103 11.6   9.4 16.5 
0.163 14.2 12.6 21.1 
0.263 17.4 16.0 26.2 
0.363 20.0 19.0 30.6 
0.463 22.2 21.2 34.1 
0.563 24.2 23.2 37.2 
0.663 26.2 25.2 40.4 
0.763 28.2 26.8 43.2 
0.863 30.0 28.4 45.9 
0.963 32.0 29.8 48.5 
1.063 34.0 31.2 51.2 
1.163 36.4 32.8 54.4 
1.263 38.6 34.2 57.2 
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Table 6.3 Tabulation of diffusion front dimensions for rt =50% and T=240oC 
w/2=12.3 nm, SX /2=50 nm 
(a=19.7%, D=1048 nm2/min) 
t, min ξ0 , nm η0 , nm S0dif , nm 
0.042 12.3  3.6 13.4 
0.085 15.0  9.2 18.6 
0.105 16.3 11.0 21.0 
0.125 17.0 12.8 22.8 
0.145 17.9 13.9 24.4 
0.165 19.0 15.2 26.3 
0.185 19.9 16.1 27.7 
0.205 20.8 17.5 29.4 
0.225 21.5 18.4 30.6 
0.285 23.7 20.8 34.3 
0.385 26.6 24.2 39.2 
0.485 29.3 27.3 43.7 
0.585 31.8 29.8 47.6 
0.685 34.0 32.0 51.1 
0.785 36.7 34.3 55.0 
0.885 38.9 36.0 58.2 
0.985 41.4 37.8 61.5 
1.085 44.3 39.8 65.4 
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Figure 6.4 Non-dimensional peel strength growth along different contours on η=η0and ηi 
(i=1, 2…5) with rt =50% 
 
Figure 6.5 Non-dimensional peel strength along different contours on η with rt =40% 
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Figure 6.6 Non-dimensional peel strength along different contours on η with rt =30% 
   
Figure 6.7 Comparison of modeling prediction with experimental data of peel strength 
under rolling condition T=240oC 
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For the diffusion with the boundary condition through the rolling at 50% thickness 
reduction ratio and 240oC entry temperature, the peel strengths along some particular 
contours on η=η0 and ηi (i=1, 2…5, and η1< η2< η3< η4< η5) were illustrated in Figure 
6.4. It shows that the peel strength along the diffusion front (i.e. the contour on η=η0) 
reaches the G(η0)=GAl at the effective diffusion time teff=1.02 min. Before this time, the 
G(η0) is the minimum peel strength in the diffusion zone and it is less than GAl. After this 
time, the peel strength in the diffusion zone is greater than the GAl. This indicates that the 
peeling failure occurs along the diffusion front contour before teff=1.02 min and 
thereafter the Al 1100 will fail in the peel test. The experimental results from Chapter III 
show that the maximum peel strength at the entry temperature 240oC is 20.4±0.9 N/mm 
when the rolling thickness reduction is 50%. The Al sheet could fail in the peel test when 
the measured peel strength is slightly more than 20.4 N/mm. Thus, we consider the 
maximum peel strength 20.4 N/mm as the GAl.  
The effective diffusion times for the roll bonding at thickness reduction 40% and 
30% are considered to be the same as that at 50% thickness reduction ratio. The peel 
strength along different SST concentration contours at the effective diffusion time 
teff=1.02 min for 40% and 30% thickness reduction rolling are provided in Figure 6.5 and 
Figure 6.6. The results indicate that the minimum peel strengths through the roll bonding 
processes at 40% and 30% thickness reduction ratio were obtained along the contours on 
η=ηK. The comparison between the modeling prediction and the experiment data of the 
peel strengths is provided in Figure 6.7. The modeling prediction of peel strength shows 
reasonable agreement with the experimental results. It indicates that the integrated 
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bonding strength model can effectively predict the peel strength of roll bonded clad 
metal Al1100-SST 304-Al 1100. 
6.4 Discussions  
As shown in Figure 6.2 for a particular diffusion state, as the Al concentration 
increases, the contour length for specified concentrations of SST and Al increases. On 
the other hand, the local peel strength along the contour with specified concentration of 
SST and Al decreases as the Al concentration increases. The minimum peel strength (i.e. 
the peel strength determined through peel testing) growth is determined by the combined 
effect of the local peel strength and the corresponding contour length. Depending on the 
diffusion state, the minimum peel strength can be reached either along the diffusion front 
contour on η=η0, along the contour on η=ηK (as shown in Figure 6.8), or along the 
contour on ηK<η<η0. When the peel strengths along all the contours in the diffusion zone 
are greater than the peel strength of the soft metal(i.e. Al 1100 in the above case), the 
soft metal sheet will break in a peel test.  
The results of the bonding strength model for the roll bonding of Al 1100 and SST 
304 at entry temperature 240oC indicates that the peel failure tends to occur along the 
diffusion front contour at high thickness reduction such as 50% in this case. In this 
peeling failure mode, more residual aluminum can be observed on the SST surface after 
peeling as shown in Figure 6.9-(a). At low thickness reduction such as 30% in this case, 
the peel failure tends to initiate at the corner K of the extruded metal on the soft metal 
side and to propagate along the contour Gdif =GK, as shown in Figure 6.8. In this peeling  
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Figure 6.8 Peel failure contour in the diffusion zone between Al 1100 and SST 304 of 
roll bonded clad metals  
    
(a)                                                                      (b) 
Figure 6.9 The residual aluminum left on stainless steel surface after aluminum sheet is 
peeled off: (a) rt =50%; (b) rt =30% 
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failure mode, little residual aluminum can be observed on the SST surface after peeling 
as shown in Figure 6.9-(b).   
As the Eq. (6.3), (6.9) and (6.11) show, the roll bonding property of clad metals 
depends on the contact area ratio, the diffusion evolution and the strength of component 
metal sheets.  
The contact area ratio generated in a rolling process is determined by rolling 
conditions and the material properties of component metal sheets and rolls. The rolling 
conditions include the rolling thickness reduction ratio, the end-tension loading, the roll 
radius, the thickness ratio of component metal sheets, and the friction condition between 
rolls and component layers as well as between component layers. The effect of those 
factors on the contact area ratio was discussed in Chapter IV.  
The diffusion evolution results in the growth of the peel strength after the exposed 
metals contact with each other. The practical diffusion evolution depends on the 
diffusion property of materials and the boundary condition. The diffusion coefficient has 
significant dependence on temperature. The boundary condition is determined by the 
generation of contact area ratio. The combined effect of temperature and contact area 
ratio determines how fast the bonding strength grows, the adjacent diffusion zones 
merge with each other and the bonding strength reaches the weak component’s strength.  
In the roll bonding process, the strength of component metal sheets actually 
increases by rolling strain hardening and decreases by heating softening. That is the 
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reason why rolling at higher temperature makes stronger bonding but the reheating 
treatment for certain time decreases the bonding strength.  
In a comprehensive view, the rolling thickness reduction and the rolling entry 
temperature are the major factor for the roll bonding strength of clad metals. High rolling 
thickness reduction creates more contact area of exposed metals and strengthens the 
component metal sheets by straining hardening. The roll bonding strength is hence 
increased. The high entry temperature provides high diffusion coefficient and thus the 
bonding strength increases faster before the roll bonded metal cools down. The high 
entry temperature could also soften the component metals such that the exposed metal 
extrudes more easily through the crevice between oxide film fragments. Thus the high 
entry temperature increases the roll bonding property of clad metals. 
6.5 Summary  
This chapter developed a bonding strength model that integrates the plastic 
deformation and the diffusion evolution into the roll bonding mechanism for the clad 
metal Al-SST-Al. The prediction of the peel strength by the integrated modeling and 
simulation agrees well with the experimental results. The roll bonding mechanism 
including the oxide film fracture, the exposed metal extrusion and the diffusion 
evolution was validated. It indicates that the rolling plastic deformation and the thermal 
diffusion evolution effectively explain the roll bonding mechanism of the clad metals 
with dissimilar component metal sheets. This model can quantitatively predict the peel 
strength of the roll bonded clad metals. It provides insights into the design and analysis 
of the roll cladding process.  
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CHAPTER VII 
 
CONCLUSIONS AND FUTURE WORK 
This dissertation presents both experimental investigation of the roll cladding 
process and thermo-mechanical modeling of the roll bonding mechanism of clad metals. 
The experimental observation and the quantitative analysis of the roll bonding process 
through the proposed models provides fundamental understanding of the bonding 
mechanism of dissimilar metals in a warm rolling process and hence could enhance our 
capability in designing and analyzing the roll bonding process for multifunctional clad 
metals. 
The roll bonding process of aluminum 1100-O and stainless steel 304 was 
conducted based on the design of experiment. The bonding property was characterized 
by the 180o peel test. A peeling mechanics model was developed to address the plastic 
dissipation of an aluminum sheet in the peel test. The accuracy of the evaluation of the 
peel strength was significantly improved by integrating the peeling mechanics model. 
The experimental investigation of the bonding property of roll cladding metals shows 
significant dependence of the peel strength on the thickness reduction and the entry 
temperature. The dependence is convexly non-linear. The experimental results also 
indicate that the peel strength is a non-monotonic function of reheating time. During 
reheating, the peel strength decreases first and increases afterwards. 
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The diffusion state at the bonding interface was characterized through microscopic 
imaging and X-ray microanalysis. The effect of the interaction volume of incident 
electrons with the target specimen on the diffusion interpretation was addressed. The 
differential diffusion characterization method was introduced to reduce the interaction 
volume effect. The effective diffusion coefficient was determined by the differential 
diffusion characterization method. The diffusivity of stainless steel 304 into 
aluminum1100 at the temperature range between 240oC and 400oC is D0=3.08×10-3 
µm2/min and Q/R=553.34K. 
Based on the experimental observation, this dissertation presents a roll bonding 
mechanism of clad metals involving rolling plastic deformation, oxide film fracture, 
exposed metal extrusion, and diffusion evolution. A roll bonding mechanics model and a 
bonding strength model for the roll bonding mechanism were developed. The 
effectiveness of the thermo-mechanical models was validated by the experiment of roll 
cladding of stainless steel 304 with aluminum 1100-O. The integrated roll bonding 
model is capable of predicting the peel strength of clad metals by a particular rolling 
process and of analyzing the effect of various rolling parameters on the bonding property 
of clad metals. The rolling parameters include the rolling thickness reduction, the 
friction coefficients between rolls and surface metal sheets as well as between 
component metal sheets, the thickness ratio of component layers, the size of rolls, the 
surface oxide property, the flow stress mismatch of component metal sheets, and the 
diffusivity of component metals.  
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Through the comprehensive investigations including the experiments, numerical 
simulations and the theoretical modeling, the following conclusions are reached: 
• Dissimilar metals can be bonded through a warm rolling process and the 
different bonding strengths can be achieved by changing the warm rolling 
parameters such as the rolling thickness reduction ratio and the rolling 
temperature. 
• The bonding strength can be increased by increasing the rolling thickness 
reduction or the entry temperature. A threshold rolling thickness reduction 
ratio at a particular entry temperature is required to bond dissimilar metal 
sheets through warm rolling and the threshold thickness reduction becomes 
lower as the entry temperature increases.  
• The reheating treatment does not necessarily enhance the bonding strength. 
Only the reheating treatment in a sufficient heating time can enhance the 
bonding strength. 
• The plastic dissipation must be considered when the 180o peel test is used 
to evaluate the bonding property of the clad metals. Otherwise, the 
apparent peel strength from the measurement does not represent the true 
peel strength. 
• The roll bonding mechanism for dissimilar metal sheets can be explained 
by the oxide film fracture, the exposed metal extrusion through the crevice 
between the oxide fragments and the diffusion at the bonding interface. 
 156
• The effect of various rolling parameters on the bonding process can be 
quantitatively analyzed through the proposed roll bonding mechanics 
model with the incorporation of the oxide film fracture and the exposed 
metal extrusion. The dissimilar metal sheets have different thickness 
reduction after the roll bonding process. In a roll bonding process for a 
soft-hard-soft clad metal, high thickness reduction, high friction coefficient, 
high thickness ratio of the component layers, large roll radius and low flow 
stress ratio are preferred for the increase of the bonding property. The 
differential end-tension loading can reduce the negative effect of the flow 
stress ratio on the contact area ratio. 
• The bonding strength of dissimilar metal sheets can be predicted through 
the proposed bonding strength model. The quantitative analysis of the 
bonding strength of dissimilar metal sheets through a warm rolling process 
can provide significant insights for the design and analysis of the roll 
bonding process of clad metals. It can also help optimize rolling parameters 
for varying bonding strength depending on the demands of the application. 
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Although significant efforts and carefulness have been invested into this research, 
there are a few aspects that can be improved for better understanding of the roll cladding 
process and for more accurate predictions of bonding property of clad metals. Thus, the 
following directions are suggested for future work: 
• The bonding property of clad metal can be evaluated by direct strength tests 
such as tensile strength test and shear strength test. New testing methods need 
to be designed and performed for the bonding property characterization of roll 
cladding metals. 
• In terms of different evaluation approaches for bonding property, the bonding 
strength model needs to be modified for the description of bonding mechanism 
and the prediction of bonding property. 
• The annealing (materials softening) effect during the reheating treatment needs 
to be evaluated and modeled to extend the roll bonding model to analyze the 
bonding evolution during reheat treatment. 
• The dissolution of the oxide fragments into the metal substrate and the increase 
of the bonding due to the dissolution need to be studied to explain the higher 
temperature effect on the increase of the bonding strength.  
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